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A STRACT

In this thesis, an investigation of the stability characteristics of an aircraft which has sustained

damage to a primary control surface was performed. The analysis was performed using wind tunnel

data taken on an F-16 model in a test 'conducted by Turhal [121. The coupled, non-linear, aircraft equi-

librium equations for constant altitude, rectilinear flight were derived. The aircraft stability and con-

trol derivatives were developed and analyzed to identify aerodynamic coupling with implications for an

aircraft with failed control surface(s). Three control schemes which allow for progressively greater in-

dependence among the control surfaces were formulated for use in the evaluation of an aircraft with an

actuator failure of the rudder. The investigations were conducted at two flight conditions repre-

sentative of the aircraft at cruise and landing approach velocities. Regions in &/ space where equi-

librium is obtainable were investigated to identify remaining control authority, drag characteristics, and

aircraft orientation. The matrix decomposition techniques of Singular Value Decomposition and the

Row Reduced Echelon Form of the augmented matrix were used to provide additional insight into the

interrelationship of the control surfaces at different points within the defined trim region.

xili



STABILITY CHARACTERISTICS OF A COMBAT AIRCRAFT WITH
CONTROL SURFACE FAILURE

I. INTRODUCTION

Control. It is the essence of practical aerospace flight and has long been recognized as one of

the difficult technical challenges to be addressed as aircraft have gained improved performance.

Modern high performance aircraft have many costly and intricate devices onboard which have the sole

purpose of either enabling the pilot to maintain control of the aircraft or making the task of controlling

the aircraft easier. Yet as Rubertus has noted, [11:1280], these systems presuppose the availability and

functionality of all the control surfaces that they have been designed to employ. In the event that a con-

trol surface is damaged or lost the control law which has been designed to make control of the aircraft

possible has ceased to be valid. He further notes that up to 20 percent of the aircraft lost in combat

have been lost due to damage to the aircrafts Flight Control System (FCS).

In recent years, several methodologies have been advanced under the broad category of

Reconfigurable Flight Control Systems (RFCS) to address the problem of damage to or failure of one

or more control surfaces. That is, techniques that will assess the location and nature of the damage to

the control surface(s) and reconstruct the FCS control law so that the aircraft can continue to fly. The

degree to which these techniques are successful obviously has massive ramifications for aircraft flight

safety, sortie generation in a combat environment, and reliability and maintainability. Most important,

of course, is the return of a pilot who otherwise would have been lost.

In his paper "Self-Repairing Flight Control Systems Overview" [11:1285], Rubertus makes the

following comments,

Analysis must be performed to better define the aircraft characteristics in an im-
paired state. An aircraft with a jammed, floating, or missing control surface will ex-
hibit stability characteristics different than a normal aircraft. The cross-coupling
effects are expected to be significant. Are the cross-coupling terms (driven to zero or
into second and third order effects in current designs) changing sufficiently to be-
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come first order effects? Neither current models nor wind tunnel data define what
these effects are. Until the effects are better defined, understcod, a"-' , in the
analyses, the full impact of control reconfiguration will not be known.

The object of this thesis is to provide a greater understanding of the stability characteristics of

an aircrA with dazaaged coLtxol surfaces.

Problem Definition

In the event that a control surface is damaged or becomes inoperable several negative effects

might be encountered. First, the FCS has lost the use of the control power of the failed surface to effect

control over the attitude of the aircraft. For example, in the event that the right aileron is lost the pilot

now has only half of the authority to perform a rolling maneuver that was present before the failure. A

second effect is the introduction of coupling effects between the longitudinal and lateral modes of the

aircrafts motion. The loss of half of the horizontal tail, for instance, would have the result that when

the pilot commanded a pitching moment, the aircra' would also experience unwanted, and unex-

pected, yawing and rolling moments and possibly side force. Thus, not only has the pilot's maneuvering

ability been reduced, perhaps substantially, but also the introduction of coupling makes it necessary for

him to fly an aircraft with which he is unfamiliar. And of course in a combat environment all this may

be occurring at a time when his attention is required for other tasks [8:31.

There is yet a third effect that becomes most prominent in the event of a control surface ac-

tuator failure that results in the control surface being locked into a position other than zero. The 'har-

dover" failure of a control surface not only introduces the complications already noted but it also

generates substantial forces and moments which must now be overcome by the remaining "healthy" sur-

faces in order to prevent departure of the aircraft. The question arises quite naturally that, given a

prescribed failure, is it possible to maintain the aircraft in an equilibrium or trimmed state? This thesis

seeks to address that question, to provide a better understanding of the nature of the problem and the

means available for addressing it.
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Prevous Work

Raza, 181, investigated techniques for modifying the control laws to compensate for the failure

of either a flaperon or a horizontal tail element. His linear model employed the use of constant coeffi-

cient control derivatives. His model assumed that only small perturbations away from the nominal trim

condition would occur as a result of the control surface failure. Although limited to small deflections

the analysis did incorporate the coupling of the longitudinal and lateral modes and the introduction of

perturbation forces and moments by the failed surface. Reconfigurable Flight Control techniques were

investigated using the AFTI F-16 as an aircraft model by Eslinger [1]. Eslinger investigated a failure of

the aircrafts right horizontal tail such that the tail was left free floating in the airstream. As he notes,

[1,4] the failed control surface in this case does not generate undesirable forces and moments.

Eslinger's aircraft model utilized constant aerodynamic derivatives at the selected flight conditions.

Weiss et al, [13], investigated a technique for automatically trimming an aircraft where the failure of

the control surface is treated as the introduction of a disturbance away from the nominal trim condi-

tion. Their paper contains a rigorous definition of the linear trim problem [13:402). Although the

analysis they present deals with the runaway trim of the aircraft stabilator they point out that the

failure of the rudder represents the most difficult single control surface failure to be addressed,

[13,405].

In 1986, Turhal, [12], conducted wind tunnel tests to investigate the effect of various types of

control surface failures on an aircrafts aerodynamic stability derivatives. The tests were conducted in

the AFT five foot wind tunnel using a one-twentieth scale model of a F-16. Three configurations of

the model were tested, with each configuration representing a potential failure mode.

The data collected by Turhal has several interesting features. One feature of interest is that

the data includes information regarding the coupling of the aerodynamic stability derivatives as the

aircraft is placed in an unsymmetric orientation; fP nonzero. Secondly, the force and moment coeffi-
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cients are recorded for the deflection oi a single control surface. For example, the flaperons are usual-

ly deployed asymmetrically as ailerons an, the rol!;ng moment for the total aileron would be recorded.

Simply recording the data for total aileron might mask the presence of coupling that is of interest when

the surfaces are deployed independently. In Turhal's tests, the effect of sideslip angle and Angle of At-

tack (AOA) on the right flaperon, for instance, is imbedded in the data recorded in the tests. Conse-

quently, the control derivatives developed for use in the present thesis will be functions of AOA and

sideslip angle rather then constants developed for the aircraft at a specified trim condition.

At the conclusion of his thesis, Turhal made several recommendations for follow-on work

based on the test data that he had recorded, [12:62). First, he stated that the optimization studies per-

formed to frnd trim conditions for th- "damaged"aircraft had yielded unsatisfactory results. He postu-

lated that the problem may have been related to the curve fitting that formed on the wind tunnel data.

Second, he suggested that other means of investigating "optimum" trim conditions be explored. Third,

he recommended that a more comprehensive study of the data should be performed numerically to

identify any significant phenomena which might be present.

PEUatL

This research will encompass a thorough investigation of the stability characteristics of an

aircraft which has sustained damage to a primary control surface. The presence of significant

aerodynamic coupling will be identified and the interrelationship of the aircraft control derivatives,

which are developed as functions of Angle of Attack (a) and sideslip angle (8), will be examined. As a

means of gaining insight into the nature of the damaged aircraft the following questions will be ad-

dressed:

A: For a stated flight condition and control surface failure, can a state of equilibrium be

achieved using the remaining functional surfaces?
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B: If equilibrium is achievable, how large is the region in a/ space in which equilibrium may

be obtained? Questions regarding the orientation of the aircraft and the use of available control

authority to achieve this state will also be addressed.

C: Will the use of more advanced control schemes, i.e. allowing the control surfaces currently

on the aircraft to act with greater independence, significantly augment the equilibrium region and/or

improve other aircraft characteristics with-in this space?

A121roach

To accomplish the stated purposes of this thesis several specific tasks are accomplished and

represent the major sections of the thesis. The data collected by Turhal is placed in to a functional

form that can be used to perform the desired analysis. In general, these functional representations of

the force and moment coefficients are nonlinear in a and f6, and so the restriction of constant coeffi-

cients is not a limitation imposed on the analysis performed in this thesis. Contour plots of the basic

aerodynamic coefficients are constructed to identify any significant aerodynamic coupling which might

impact the trim investigations. The relative authority of each control surface for each force and mo-

ment is also examined to identify the significance of each surface for achieving trim and for answering

the question of whether the relative importance of the surfaces changes at different points in a/p .space

An actuator failure of the rudder is assumed to represent the most significant single primary

control surface failure. This assumption is consistent with the findings of Weiss [13:405]. This failure

mode is investigated at two flight conditions which are deemed to be representative of two phases of

the aircrafts flight profile. The equilibrium equations for constant altitude, rectilinear flight are solved

to identify points in a/fl space where an, equilibrium state is achievable for a specified degree of rudder

failure. Three different control schemes of increasing complexity are employed to investigate how sig-

nificantly the equilibrium region can be altered by employing greater degrees of freedom in the use of

the available control surfaces.
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Two math techniques are used to provide a greater insight into the nature of the problem

being addressed. Singular Value Decomposition (SVD) and the Row Reduced Echelon Form (RREF)

are used to analyze the problem. Restructui ing the problem via these techniqus provides useful infor-

mation regarding not only the null space of the problem, but also illuminates the interaction of the

various control surfaces in achieving a solution to the equilibrium problem.

Presentation

The analysis performed in this thesis is presented in the following chapters. Chapter II details

the techniques used to transform the data collected by Turhal into polynomial functions which can be

used for the equilibrium analysis. Observed aerodynamic coupling of the control and aircraft stability

derivatives is detailed in Chapter III. The relative significance of the control surfaces is also discussed

in this chapter. Chapter IV outlines the formulation of the nonlinear equations of motion into the form

that is used to identify the regions of equilibrium for control surface failure. The results of this analysis

are presented and discussed in Chapter V and Chapter VI outlines a summary of the results of this re-

search and recommendations for further study.
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11 DATA PREPARATION

Introduction

The analysis performed in this thesis is based on wind tunnel data collected by Turha, [121,

for a Master's thesis in 1986. The data preparation phase of the current research involved the forma-

tion of functional representations of the stability derivative data collected in Turhal's wind tunnel work.

A least squares curve fitting technique was used to develop polynomial functions which describe the

aircraft stability derivatives. Since the equilibrium analysis was a static analysis the dynamic derivatives

of the aircraft were not estimated. In this chapter a short description of the F-16 is given along with a

brief discussion of the tests conducted by Turhal. The functional form of the equations used to

describe the aircraft stability derivatives and the techniques used to develop them are also discussed.

Aircraft Descriplion

The F-16 is a single enginc, low aspect ratio, fighter aircraft currently in the inventory of the

USAF. There are seven control surfaces located on the aircraft which are of interest for the studies to

be performed in this thesis: right and left Leading Edge Flaps (LEFs), right and left Flaperons, right

and left Horizontal Tails, and the rudder. The following paragraphs provide a short discussion of these

control surfaces and their significance for the trim study. The location of each of the control surfaces

may be identified by referring to Figure 1. A detailed discussion of the F-16 may be found in the open

literature in Jane's, [4:345).

Leading Edge Flaps (see following page): The LEFs primary function is to vary the camber of

the wing; causing the lift curve to slide to the right as they are deployed. The net effect of this is to

cause Ctmn to occur at higher AOA then would be experienced by the clean wing.
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The LEFs are designed to deploy in a symmetric fashion and their deflection is scheduled as a function

of AOA and Mach number. It should be noted that the pilot does not exercise direct control over the

LEFs and so, as they are employed on the current aircraft, they are not truly a control surface.

6R

Figure 1 F-16 Control Surfaces

Flaperons: When deployed as flaps the flaperons provide direct lift to the aircraft and also

some pitching moment. For control purposes, however, the pilot's stick can only command the

flaperons to deflect asymmetrically or as ailerons. The flaperons therefore are the primary means by

which rolling moment is applied to the aircraft to execute banking maneuvers.

Horizontal Tails: The horizontal tails, on the other hand, can be employed via the pilot's stick

in two fashions. If the differential tails are deployed symmetrically they act as an elevator and are used

to exert pitching moment on the aircraft. The tails can also be deployed in an asymmetric manner to

augment the rolling moment generated by the flaperons. Simply stated, pulling back on the control



stick will result in the symmetric deflection of the horizontal tails and will pitch the nose of the aircraft

up. Pushing the stick to the side will result in asymmetric deflection of the flaperons and tails resulting

in a rolling maneuver about the aids of the aircraft.

Rudder (see previous page): The rudder is employed in the same fashion as on a conventional

aircraft and is the primary control surface available for yawing the aircraft.

Sign Convention

The following sign convention is adopted for use in this thesis:

1. For the flaperons and the horizontal tails positive deflection is defined Trailing Edge Down

(TED).

2. For the leading edge flaps positive deflection is defined to be Leading Edge Down (LED).

3. Positive deflection of the rudder will be defined as deflection of the rudder toward the left

side of the aircraft. looking forward (port)

4. Positive sideslip angle, 0, is defined for the free stream velocity vector approaching from

the right side of the aircraft nose. looking forward (starboard)

5. All the aircraft control and aerodynamic coefficients are recorded in the aircraft Stability

axis system.

F-16 Wind Tunnel Data

In 1986 Turhal, [12], conducted wind tunnel tests to investigate the effect of various types of

control surface failures on an aircrafts aerodynamic coefficients. The tests were conducted in the

AFIT five foot wind tunnel using a one twentieth scale model of a F-16A. All of the tests were con-

9



ducted at low speeds, holding Mach number at approximately 0.118 and dynamic pressure at 20 pounds

per square foot. For a detailed discussion of the experimental procedure used in recording the test

data see [12:25-341

Three configurations of the model were tested, with each configuration representing a poten-

tial failure mode. The first configuration had all the control surfaces but one fixed at a zero deflection

angle. The remaining control surface was then placed at a specified deflection and the resulting forces

and moments were recorded. In the second configuration, the left flaperon was allowed to float free.

The remaining surfaces were then cycled through their deflection ranges. As in the first configuration,

only one control surface was deflected at a time. The final configuration, had the left flaperon removed

from the model entirely. As in the prior tests, the effects of the deflection of the remaining control sur-

faces on the forces and moments was then observed. The aerdynamic coefficients calculated by the

wind tunnel data reduction program were recorded in the Stability Axis system.

For each of the configurations noted above the wind tunnel data has been placed into data

sets. The "zero" case represents the data collected when the models controls were all set at zero deflec-

tion and the model was placed at various angles of attack and side slip angles. The same procedure

was used to develop data sets for the right and left leading edge flaps, the right flaperon, the right

horizontal tail, and the rudder. For the configurations where the left flaperon was floating free or miss-

ing a data set was also developed for the left horizontal taiL

Aerodynamic Forcies

The data which is output by the wind tunnel data reduction program are the total aircraft force

and moment coefficients. These coefficients are a non-dimensional representation of the forces and

moments experienced by the aircraft at given a AOA and side slip angle. The aerodynamic coefficients

may be converted into forces and moments in the aircraft Stability axis system via the following relation-

ship:

10



I
Ls C L qSI L ~~qS(2.1)

I D CD qS (2.2)

YCqS (2.3)

3 s = z qSb (2.4)

X = C X (2.5)

H C . qSb (2.6)

The appropriate reference data for the full scale aircraft is given in f12:271, and is represented

3 Table 1 F-16 Reference Data

3 Wing Area S 300 Sq Ft

Span b 29ft

MAC C 10.94ft

Cg w 0.35MACI

I here in Table 1. By necessity, the data collected in the wind tunnel is taken at a finite number of dis-

crete data points. Turhal's wind tunnel data, in general, is a function of three variables; that is, the

force and moment coefficients are recorded for a specific setting of angle of attack, sideslip angle, and

3 single control surface deflection. Since the analysis performed in this research will require data at

points other than those points at which experimental data was collected some functional representationI
I
I '

I



I
of the data is required. A polynomial is selected as the functional form which will be used to describe

the data. Each aircraft force or moment coefficient may then be described with a polynomial of the foi-

lowing form:

I J I ' i

J A i (3 + I E B 3 n an 6 z
J=O i 1 =i m0 n=o0

Note that in general the polynomial will be nonlinear but that 4 will always be held to a first

power.II

Force and Moment Coefficients

Turhal's test included recording force and moment coefficients where all of the control sur-

faces were held at zero deflection and a and P were varied. Equation (2.7) shows that the polynomial

used to predict the total force or moment coefficient is composed of two summation terms. The first of

these represents the coefficient strictly as a function of a andfA and should describe the wind tunnel

data taken when all of the control surfaces were held at zero. The coefficients, Aij , associated with

each polynomial term were obtained by performing a least squares curve fit on this *zero" case data. A

short discussion of the theory and mathematics involved in the least squares curve fitting technique may

3 be found by referring to Appendix A.

To accomplish the three dimensional curve fitting of the wind tunnel data a FORTRAN com-

puter code, POLYFITA, was written which will read in the data files compiled by Turhal, request the

3 order of the polynomial and perform the curve fit. Appendix B contains the FORTRAN codes used to

accomplish the curve fits. Two measures of the "goodness" of the selected polynomials fit of the data

I
U

I



were employed to determine the suitability of the polynomial for use in the future analysis. The first

2measure of the accuracy of the fit was the calculation nf correlation coefficient, r , for each fit of the

data.

npta 2
k= C Cf

2 E I exPk - analk 

nts .2nptsI 12(2.8)

kE1 fIexpk -Cfmean

This measure of merit provided a means for estimating how well the polynomial fit captured

the variation in the experimental data. It is possible, through the use of a polynomial of high enough

order, to obtain a curve fit which will pass through each data point. This polynomial will accurately

predict the value of the data at the point at which the data was collected but its behavior between

points may be very ill behaved. The second measure of merit for the curve fits provides a means for

avoiding the selection of such a function. Primarily qualitative, this second measured involved the con-

struction of graphs and contour plots. The graphs, for example Figure 2, provided a direct comparison

of the polynomial fit with the data collected in the tunnel. An evaluation of the curve with respect to the

expected behavior of the force or moment coefficients could also be made. For example, the lift coeffi-

cient should be linear in a, the drag a parabolic function of a etc.. It should be noted, however, that a

graph such as Figure 2 requires that the two remaining variables be held constant to see this 'slice" of

the curve in the three dimensional variable space. For this reason, the data was also plotted as contour

plots so that the behavior of the data as a function of two variables could be observed. An example of

such a contour plot is Figure 3 and a complete set of these plots may be found in Appendix D..

The curve fits of all the "zero" case data were accomplished with the noted computer codes

and applying the following criteria.
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* 1.Keep it accurate. The accuracy of the curve fits was established by trying to achieve

very high r2 value, .95 5 r2 S1.O, and by evaluating the graphs and contour plots.

* 2. Keep it simple. To avoid future numerical problems, and the undesirable behavior

noted above the lowest order polynomial which provided a reasonable level of accuracy

was selected.

Aircraft Control Derivatives

The second summation contained in equation (2.1) represents the contribution of all the con-

trol surfaces to the total force or moment coefficient. The polynomial associated with each control sur-

face is in effect the control derivative associated with that surface. The experimental method employed

for collecting the derivative data assumed that the effects of each control surface could be added

together with the "zero" case to obtain the total aircraft force or moment coefficient. The assumption

that the superposition principle may be applied is premised on linear terms in 6. For this reason, all of

the control derivatives were developed holding the 6 term to a first power.
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Figure 3 Contours of Constant Lift Coefficient

The control derivatives were asumed to be of the form

0( +ctf/S+ f 6  (2.9)

which is a linear equation once a and A have been specified. To obtain the coefficients contained in

equation (2.9) the stability data contained in the data sets associated with the respective controls was

curve fit using the program POLYFITB;(see Appendix B). Here the effect of the deflection of the

specified control surface is treated as a perturbation of the force or moment above, or below, the force

or moment experienced by the model with the surfaces set to zero. Hence, the function supplied to

the least squares routine for fitting was the polynomial form arrived at for the "zero" case plus the

terms in equation (2.10). The coefficient which were related to control deflections were then stripped

off to become the descriptors of that control derivative. The r2 value for each fitting of the control sur-
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face data sets was compared to a fitting performed with only the "zero" case polynomial terms to insure

that the effect of the control surface was reasonably well represented. This was indicated by a sig-

nificant rise in the value of the correlation coefficient when the 6 terms were added to the polynomial.

The control derivative predictor equations are presented in Appendix C.

LaelaBin

In the initial phases of conducting the trim analysis it became evident that the aircraft was

developing significant lateral forces and moments at zero AOA, zero side slip angle, and zero control

deflections. This bias in the lateral data may be seen by observing Figure 4 where the yawing moment
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coefficient does not take on a zero value at A and a equal to zero. For an aircraft which is geometrical-

ly symmetrical about the X-Z plane of the aircraft the forces and moments should be zero at this zero

condition, [10:139-1561. In light of this, the predictor equations for the aircraft lateral coefficients

were modified to remove this unresolved bias. The modification was effected by setting the constant

term in each lateral equation equal to zero. The corrected predictor equations are the ones listed in

Appendix C.

In the data preparation phase of the thesis the wind tunnel data generated by Turhal was

placed into functional forms for later use in the analysis. These functional representations of the

aircraft control and stability derivatives were formed as polynomials which in general are nonlinear in a

and A. Lateral biassing in the wind tunnel data was identified and appropriate changes accomplished

to correct this anomaly.
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III COUPLING OF AERODYNAMIC DERIVATIVES

The polynomial equations developed in Chapter H to describe the behavior of the aircraft con-

trol and stability derivatives are nonlinear functions in a and P. Through these terms coupling may be

introduced between the longitudinal and lateral modes of the aircraft. A longitudinal coefficient, such

as the pitching moment for instance, may be found to have a significant dependence on side slip angle.

Further, the control derivatives, which are usually treated as constants for a given flight condition, may

in fact exhibit a dependence on a and P which should be noted. Coupling as defined in this thesis does

not refer to inertia effects or the interaction of the various control surfaces. In this research, coupling

refers to two specific effects. First, coupling indicates the presence of stability derivatives which couple

the effect of AOA and sideslip angle together. Second coupling occurs when the failure of a control sur-

face imparts forces and moments to the aircraft which are not usually associated with that surface. As

was noted in Chapter I, Rubertus makes the following comments," ...The cross-coupling effects are ex-

pected to be significant. Are the cross-coupling terms (driven to zero or into second and third order ef-

fects in current designs) changing sufficiently to become first order effects?" This chapter seeks to

explore this question and its attending implications for the equilibrium analysis addressed in this thesis.
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Aircraft Stability Derivatives

The contour plots of the force and moment coefficients developed in Chapter 11 provided the

primary means by which coupling was identified. A complete set of the plots may be found in Appen-

dix E. Note that there are two plots for each coefficient. The plots labeled "EXP" represent a contour

plot of the experimental data. Plots that are labeled "CF represent plots of the polynomial fit of the ex-

perimental data.

Figure 5 represents the variation of the drag coefficient as a function of a and P. Note that a

function that is strictly dependent on a would result in contours that intersect the a axis perpendicular-

ly. Conversely, a strict dependence on 0 has contours which show no variation as one moves along the
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Figure 5 Contours of CD
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a axis. Note that while the drag coefficient exhibits a strong dependence on a, with the characteristic

quadratic term, it also shows a significant dependence on P. All of the longitudinal coefficients ex-

hibited a similar dependence on P and both the polynomial fit and the plotting routine (SURFER)

generated the same characteristic shape. In addition to this, the correlation coefficients developed

for all the longitudinal data indicated a good capture of the behavior of the data and therefor this cou-

pling is assumed to exist.

The lateral derivatives, see Figure 6, exhibited the expected strong dependence on P., of all the

lateral derivatives the rolling moment coefficient exhibited the strongest a / P coupling, which may be

observed in Figure 7. Note that the contours break rather sharply at a given AOA and for the aircraft

in an unsymmetric orientation.
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Figure 6 Contours of Constant CN Figure 7 Contours of Constant Ci
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Aircraft Control Derivatives

Given that the control derivatives are not constant values, it is appropriate to address ques-

tions of how they may vary as a function of AOA and sideslip angle. Also, since this thesis involves the

investigation of situations where a control surface has failed it is also important to gain some apprecia-

tion of how important each surface is relative to the others in effecting a given force or moment. To ac-

complish these purposes the control derivatives for the seven surfaces were calculated at different

locations in a / fP space. As will be seen in Chapter IV control derivatives effecting a given force can be

arranged as a row vector. For this reason, the control derivatives were normalized in a vectorial sense

by creating a vector in 7 space whose magnitude is one. The normalization was accomplished as fol-

lows. First, each control derivative was multiplied by the maximum deflection available for that sur-

face.

Cfl = Cft *6 (3.1)
max

All of these values were then squared and summed.

2 2 (3.2)2 C2
C = Cf

The normalized derivative is then defined to be:

(3.3)

C f :imx

inor-m Cf
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and will be a number whose magnitude is between zero and one. By observing the relative size of each

component, information can be obtained about the relative importance of each control.

To observe the variation of the normalized derivatives as a function of a and fi, contour plots

were constructed showing lines of constant values of the normalized derivatives. Several points are

worth remembering in observing these charts, which may be found in Appendix E. First, the plots do

not provide information about the actual value of the control derivative and how it is changing with a

and P. They indicate how the relationship of that surface is changing relative to the others at different

points. Second, the numbered contours do not represent percentages since it is the sum of the squares

of all the derivatives which are equal to unity. Third, when noting changes that are occurring to the

contour lines it is important to remember that all seven surfaces must be observed to have an accurate

understanding of the changes indicated.

As would be expected, the rudder exerts essentially zero influence on either pitching moment

or the normal force coefficients. The horizontal tails, Figure 8, show that they are the most significant

player with respect to pitching moment; with the primary variation in the normalized derivative occur-

ring as a function of#. Figure 9 indicates that while the flaperons are not as significant an effector of

pitching moment as the tails they do contribute to the overall pitching moment. A slight dependence on

a is indicated for the flaperons with in the range examined. The LEFs are relatively small effectors.

The normal force is most strongly influenced by the flaperons and the horizontal tails; see Figures 10

and 11.

It is in the lateral derivatives that the most dramatic results are observed. The plots for yawing

moment indicate that the rudder, Figure 12, is far and away the most significant surface in effecting this

moment. Figures 13 and 14 illustrate that some yawing capability is exchanged between the flaperons

and the horizontal tails as the angle of attack is changed. The rudder is also observed to be the most

dominant control surface for introducing side force into the aircraft; see Figure 17. Fig re 18 indicates

that the horizontal tails also are capable of generating side force. This capability can be accounted for
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by noting the anhedral in the horizontal tail which produces a component of force in the Y direction

when the horizontal tails are deflected unsymmetricaly. Another point of interest in the side force

plots is that the LEFs, whose influence is negligible at low AOA, become more significant as the AOA

is increased; see Figures 15 and 16. At the higher AOA the LEFs make a small, but notable, contribu-

tion to the side force relative to the other surfaces. These plots of side force control derivatives estab-

lish a very significant point for the analysis performed in this thesis; even a relatively small deflection of

the rudder can not be "overpowered" by a maximum asymmetric deflection of the remaining surfaces.

Examining the plots of the rolling moment control derivative, Figure 19, will show that not only

are the rudder contours almost entirely depecdent on a but also that the rolling moment produced by

deflection of the rudder changes sign at 12.9 degrees AOA. This results because the moments are

recorded in the stability axis system and there will be an AOA at which the X Stability axis will pass

through the effective point of application of the side force developed by the rudder. The zero moment

arm results in zero moment about this axis. Again the flaperons and horizontal tails are observed to be

exchanging relative importance as effectors of rolling moment. Note that the islands for the flaperon

and horizontal tail plots appear below and above the zero line on the rudder plot respectively, see

Figures 20 and 21.

Not only did the contour plots of the normalized derivatives provide useful information about

the relative importance of the control derivatives but they also indicated that an error had been made

in developing the control derivatives for the left flaperon and the left horizontal tail. In Chapter II it

was noted that the wind tunnel tests did not provide data for the left flaperon and left horizontal tail

and that it was assumed that the data from the right surfaces could simply be reflected across the X-Z

plane. This was accomplished by negating the sign on the lateral derivatives and assigning the same lon-

gitudinal derivatives. Note that the LEFs Figures 15 and 16 not only exibit opposite sign but also an

opposite slope as a function oft. The change in slope results from the fact that the right and left sur-

faces react differently to positive and negative P. For example, the right leading edge flap becomes

more effective, relative to the left leading edge flap, with positive f# since the right LEF is now seeing
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more of the wind". The initial method for creating the left control derivatives had missed this fact and

while the right and left lateral derivatives appropriately had opposite signs they inappropriately ex-

hibited the same slope. The plots contained in Appendix E and the control derivatives listed in Appen-

dix C have been corrected to be consistent with the behavior described above.

In this chapter the contour plots of the aircraft stability derivatives were examined to identify

coupling. All of the longitudinal coefficients exhibited a similar variation as a function of#f. Among

other things, this will be shown to produce a trimmed condition at a lower AOA when the aircraft is in

a slightly unsymmetric orientation. The lateral coefficients showed a significant coupling occurring at

the higher angles of attack, indicating that the requirements for opposing moments for the aircraft in

an unsymmetric orientation will change significantly as AOA is increased. Perhaps the most prominent

result is that the failure of the rudder is demonstrated to be the most significant failure of a single con-

trol surface. Failures of the other surfaces can be compensated for by the remaining functional sur-

faces, but the rudder so dominates the vectors for side force and yawing moment that a failure of this

surface will almost certainly indicate either unsymmetric flight or departure of the aircraft.
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IV PROBLEM FORMULATION

In chapter I, three questions were posed regarding the stability characteristics of an aircraft

with failed control surfaces. Specifically: given a failure, can a trim solution be achieved? If trim is

achievable, how large is the region in a / f space and what are the stability characteristics of the aircraft

within this space? And, finally, can the space be augmented or improved by allowing for greater inde-

pendence of the control surfaces? In this chapter the equations of motion derived in Appendix D are

uscd in conjunction with the aerodynamic predictor equations developed in Chapter II to provide tech-

niques for addressing these questions. The three control schemes and the flight conditions studied in

this thesis are defined. A discussion of the use of the trim equations and the order of their solution is

provided along with an overview of the FORTRAN codes developed to solve the trim problem. The

matrix decomposition techniques of Singular Value Decomposition (SVD) and the Row Reduced

Echelon Form are advanced as a mean of gaining further insight into the nature of the stability charac-

teristics of the aircraft.

Problem Scope

The trim condition which is desired is that equilibrium state which results in the aircraft flying

in constant altitude, rectilinear flight. While other flight conditions, which might be less difficult to

achieve in the event of a failure of a control surface; only constant altitude flight is examined in this

thesis. A failure of the rudder, which results in the rudder being locked at some deflection is the

failure mode which will be studied in depth. This failure is selected since it appears to be one of the
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more challenging conditions to be addressed. The discussions which follow will be primarily con-

cerned with rudder failure, but the techniques developed and some of the results are pertinent to

failures of other surfaces as well.

The investigation will also be limited by the range of the test data which was collected by Tur-

hal [12]. Therefore, the dimensions of the a/l space which will be examined are limited to; -6.0 </ < s

6.0 and 0 :S a :5 20. A final set of assumptions which are pertinent to the formulation of this inves-

tigation are the assumptions associated with the derivation of the equations of motion; they are as fol-

lows

1. The aircraft is assumed to be a rigid airframe.

2. The earth is assumed to be an inertial frame of

reference.

3. The Aircraft mass and mass distribution are assumed

to be constant.

4. The X-Z plane of the aircraft is assumed to be a

plane of inertial symmetry.

The implications of these assumptions are discussed in detail in Appendix D, where the equa-

tions of motion are derived.

Contol Schemes

As was noted in Chapter II, the current implementation of the control surfaces on the F-16 al.

lows the pilot to command both differential (HA) and symmetric (HE) deflections of the horizontal

tails and strictly asymmetric deflection of the flaperons (FA). While the flaperons may be deployed

symmetrically, as flaps, this is not part of the normal control of the aircraft. In the same manner, the

leading edge flaps (LEF) are deployed via scheduling and are not under the direct control of the pilot.
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The control schemes used in this thesis were derived by allowing the control surfaces currently on the

aircraft to deploy with successively greater independence. It should be noted that the control schemes

discussed in this thesis do not refer to control laws.

In Case A the control schemes investigated are essentially the current control scheme,

described above, with the improvement that the LEFs are now controlled directly. Consistent with their

current deployment, they are limited to symmetric deflection. The rudder is not listed in Table 2 since

Table 2 Control Schemes

Case A Case B Case C
6 LEF 6 LFL dLFL

6 FA 6 RFL 6 RFL

3HA 6 LHT 6LHT

6HE 6 RHT '3RHT

6 LLE
6 RLE

in all the studies performed in this research the rudder is the failed surface and is therefore not avail-

able for control. The deflection of the individual control surfaces in Case A are related as follows:

6 1 (6 ) (4.1)
let 2 RLE LLE

6 = (6 T- ) (4.2)
FA 2 RPL LPL

6 = (6 -6 )
RA 2 RET LET (4.3)

6 ( + 6 )HE 2 RET LET (4.4)
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For Case B, the LEFs return to being scheduled surfaces but now the flaperons are permitted,

like the horizontal tails, to deflect independently of one another. This should provide the aircraft with

greater control over the lift experienced at a given AOA and some additional pitch control. Case C

represents the situation where all the available surfaces are allowed to deploy independently. While

the feasibility of implementing such a control scheme might be argued the object here is to study what

advantages might be gained if such a scheme were achievable. It might also be noted that each scheme

is related to the others. In fact, Case A and Case B are special cases of Case C. The original control

scheme then is simply a more constrained version of Case A.

Problem Set-up

In Appendix D the equilibrium equations for rectilinear flight were derived along with an ex-

pression for the aircraft pitch angle that specified constant altitude flight. Repeating these for clarity

F Ax + FTX - Mg Sin 1 =  0 (4.5)

FAy + mg Cos 9 Sin 0 = 0 (4.6)

FA + mg cosG cost, = 0

AX 0(4.8)

Ny =0o
(4.9)

X = 0 (4.10)A Z
{ ~ ~~Tan/ (.1

e Tan {Tan a Cos 0 + C s i (4.11)

The aerodynamic force and moment coefficients, as functions of a, A, and the control surface

deflections, were defined in Chapter II to be expressions of the form
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J I 'tj 7 Ii N

Cf = i . +nm n 1 (4.12)
J=O i=0 Z=1 m=O n=O

These nondimensional coefficients may be converted into forces and moments by means of the

relationships defined in Chapter I. Since the wind tunnel data was recorded in the Stabiity Axis sys-

tem, a transformation will have to be performed to express the forces in the Body Axis system, which

are the forces specified in equations (4.5) - (4.7). The Body and Stability Axis Systems are defined in

Appendix D and are shown in Figure 22

Studying equations (4.5) - (4.12) reveals that the equations are nonlinear due to the powers on

a andfi and the trigonometric functions in equations (4.5) - (4.7). Not only are the equations non-

linear, but they are also coupled in several ways. Equation (4.6) (side force) and equation (4.7) (nor-

mal force) both include terms which have 0 and 0 in them. This effectively couples the lateral and

longitudinal equations of the aircrafts motion. Second, the aircraft control derivatives and stability

.X n A ITY
YBOO¥'

YSTAB M.ITY

ZSTA ITY ZBOD1  vR LT00 t

Figure 22 F-16 Body and Stability Axis Systems
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derivatives have coupled terms of a andfl in them. Third, equation (4.11) introduces a strong coupling

of the lateral and longitudinal equations. Obviously, as currently expressed the problem is not con-

ducive to linear solution techniques and must be manipulated to produce a solvable problem.

If the equations were fully expanded by substituting in the aircraft forces and moments defined

in Chapter H, the following unknowns would be identified: dynamic pressure, gross weight, 7 control

surface deflections, AOA, sideslip angle, thrust, pitch angle, and roll angle. As stated, that amounts to

fourteen unknowns and six equations. Several unknowns can be removed by stating the aircraft con-

figuration and the flight conditions at which the analysis is to be performed. Two flight conditions are

defined in Table 3 for use in the analysis. Condition I is representative of the aircraft at an approach

speed and Condition II permits the analysis of a cruise condition. Note that the thrust term only ap-

pears in the axial force equation. For this reason, the assumption is made that at any condition where

equilibrium can be achieved, within other limits, the aircraft engine can develop sufficient thrust to

satisfy equation (4.5). Equation (4.5) is not included in the analysis from this point forward. Since one

surface is assumed to be failed this will remove another unknown as will the constraint of constant al-

titude flight which defines 0 in terms of a, #, and 0 (4.11). At this point the problem has been reduced

to five equations in nine unknowns. The nonlinearities and coupling noted earlier still remain to be ad-

dressed. Since one of the stated objectives of this investigation is to define the region in a/ space in

Table 3 Flight Conditions

I II

Gross Weight 19000 I1b 19001bf

Mach 0.22 0.6

Altitude Sea level 15000 ft

Velocity ISO KEAS 297 KEAS

q 75 sf 300pst
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which trim is achievable it is reasonable to specify a value for a and P. The problem then reduces to

seven unknowns. Table 2 indicates, however, that Cases A and B involve only four independent con-

trols. The number of unknowns is now five and equal to the number of equations. Further, by specify-

ing a and § we have reduced all of the aerodynamic forces and moments to linear functions. For Cases

A and B, and with the specification of a and P, the forces and moments may be written in the form

4 1 1
F i = A0 + B + E E E C cnM a (4.13)

'C=1 W-=O n=O

Here Ao represents the force or moment of the "zero" case, B the contributions of the failed control

surface and in Case B the LEFs, and the last term the force or moment that will result from the un-

known deflections of the control surfaces.

Solving the Trim Problem

Figure 23 is a schematic flow chart of the FORTRAN codes developed to solve the defined

trim problem and provides a useful aid for following the solution technique employed. The previous

discussion follows the flow chart down to the point where the forces and moments due to the failed con-

trol surface, the rudder, have been calculated. Given that for zero flight path angle 0 is equal to a an in-

itial estimate for 0 is given as a. Further, since the remaining control surfaces do not exert a strong

influence on the aircraft side force it is initially assumed that the unknown control surfaces do not ap-

pear in equation (4.6). With these assumptions equation (4.6) may be solved for an initial estimate of

,p. At this point all of the angles in the problem have either been specified or estimated and hence the
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only remaining unknowns in the problem are the control surface deflections. Based on the restrictions

placed on the control derivatives in Chapter II the problem is now a linear problem of four equations

and four unknowns which may be formed as follows

4A+ B + mgCo CoW)~ =  C ± 65
(A s1 (4.14)i=1

4
(Am + B) C M 61 (4.15)

4
- (A, + B.) = E C i 6 (4.16)

4. i=1

4

- (A +B) C 6 (4.17)

i=1

Since everything on the left hand side of each equation is known the problem may be rewritten in the

familiar form:

b = [A] 6 (4.18)

The b vector contains all the known forces and moments and has as its rows; normal force,

pitching moment, rolling moment, and yawing moment. The 6 vector is the unknown control deflec-

tions and the 4 x 4 A matrix contains the control derivatives of the respective controls. Solving equa-

tion (4.18) will define the control deflections needed to achieve trim.

Earlier in the problem solution an assumption was made that the side force did not contain

terms from the unknown control surfaces. Further, the pitch angle was estimated as a though in Ap-

pendix D it is demonstrated that this is not true in general. These assumptions are now accounted for
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by recalculating the sideforce including the force due to the deflections found via equation (4.18) and

calculating a new pitch angle with equation (4.11). A new roll angle is then calculated with these up-

dates and the problem is iterated until the errors between the estimates for 0 and 0 become small.

While the deflections determined by solving equation (4.18) will result in the satisfaction of the

equilibrium equations these deflections may not represent a solution to the aircraft trim problem. To

be a bonafide solution the deflections determined by equation (4.18) may not exceed the deflection

limits defined in Table 4. If the calculated deflections are within these constraints then that point has

been determined to be a point in a/fl space at which trim can be effected.

Computer Codes

A FORTRAN computer code was written for each of the three control schemes defined. The

order of solution and logic are essentially the same for each code with one important distinction. The

discussion provided above only covered the cases where there are four independent control deflections

to be solved for. Case C incorporates six control surfaces and therefore may not be solved directly by

the technique described above. Case C was solved by placing an additional two loops outside of the

a/p loops of the problem flow charted in Figure 23 ; one loop for each of the leading edge flaps. The

Table 4 Control Surface Deflection Limits

LEF -20 < 3 250

FLAPERONS -200 :s J 20*

HRZT Tals -25 < 6 < 25*

Rudder -3 5 65 30*
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I
LEFs were then allowed to vary through their ranges in one degree increments. As will be seen later in

this chapter, the introduction of the two additional degrees of freedom to the problem means that there

may be multiple solutions at a given point. The coding logic is such that only one solution is recorded

for a given point in a/fl space. The three computer codes are included in Appendix F.

I Matrix Decomposition Techniques

3 Two techniques for decomposing the linear problem which has been defined were investigated

as means for gaining additional insight into the nature of the problem. These techniques are particular-

ly helpful for Case C where a unique solution to the problem does not exist. The problem is stated in

the following form

b = (A] 85 (4.19)

I Here b is a 4 x 1 vector, A is 4 x 6 matrix of control derivatives, and 6 is a 6 x 1 vector of un-

known control deflections. By augmenting the A matrix with the b vector and placing the augmented

matrix in Row Reduced Echelon Form (RREF)[5:40-41], the problem can be decomposed into the

* form

I
I

1 0 0 0 A B b
0 1 0 0 C D b2

.2 (4.20)
0 0 1 0 E F b

0 0 0 1 G H b

I
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Which may be rewritten as:

b = 61 + A65 + B6

b 2 = 62 + C6 5 + D66

* (4.21)

b3 = 63 + _E65 + F6 6

b4 = 64 + G65 + H66

In turn equation (4.21) is manipulated to place the problem in the desired form.

A B

(6) = {b - 6 5 66 (4.22)
E F

G jH

Stated in this way several things may be observed. First, when (6 5) and (6 6) are zero the b'

vector represents the solution to the four independent control problem. Secondly, equation (4.22)

defines the range of available solutions that may be obtained at the specified point in a / f space. Any

solution in the span defined by equation (4.22) is a viable solution provided that the control deflections

are within the defined limits. Also note that the failure of any control surface may be represented simp-

ly by changing the control surfaces whose control derivatives are contained in the A matrix. Or, viewed

from another angle, it can be seen that equation (4.22) defines the degree to which any two additional

surfaces may be failed and equilibrium still be achieved.

Given a matrix A it may be decomposed via Singular Value Decomposition into the following

form, [9:4511.
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0 V T

A = U 1  U2 ] ] T (4.23)

Here the columns of U are defined to be the left singular vectors, the columns of V are the

right singular vectors and (1) is a diagonal matrix with the nonzero singular values of A on the

diagonal. If A is an m x n matrix and their are r nonzero singular values then the following dimensions

will be established. Ui will contain r columns and U2 will contain m-r columns. VI will have r columns

and V2 n-r columns, [9,452]. The range space is defined by the span of the columns of U 1 and the

null space by the span of the columns of V2. SVD provides two insights into the problem that are imme-

diately apparent. If the matrix A is found to have any singular values that are zero then A is rank defi-

cient by the number of zero singular values and a unique solution to the linear problem, as formulated,

does not exist. The columns of V2 span the null space of the problem with the attending implication

that any combination of control deflections that are in that span will map to zero. Stated another way, if

the controls are combined in such a manner that the vector of conLrol deflections (6) is equal to one of

the vectors in V2 times a constant, then that combination of controls will have no effect on the forces

and moments represented in the b vector of equation (4.19).

summary

In this chapter the nonlinear equilibrium equations derived in Appendix D are used to

develop a methodology for determining if and where trim may be achieved for a given control surface

failure. The solution technique and order are discussed using a schematic flow chart, which describes
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the FORTRAN codes which were written to perform the trim investigations. The matrix decomposi-

tion techniques of Singular Value Decomposition and the Row Reduced Echelon Form are presented

as methods for gaining a deeper understanding and appreciation of the defined problem.
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V INVESTIGATION RESULTS

Introduction

In this chapter the results of the equilibrium analysis performed via the methodology of Chap-

ter IV are presented. The relative merits of each of the three control schemes will be discussed with

respect to not only their ability to augment the region in which trim is achievable but also their ability to

affect the aircraft characteristics within the defined regions. Specific attention will be given to address-

ing why a particular control scheme gives the results that it does and what the ensuing implications are.

A short discussion will be provided concerning preferred locations within the equilibrium space and

what the attending pros and cons of being located at that point are. Contour plots of the aircraft roll

angle, drag coefficient, and residual pitch and roll authority are used to support this analysis. The Row

Reduced Echelon Form and Singular Value Decomposition are used to provide additional insight into

the problem.

Trim AvallailUy

In the event of a failure of a control surface one of the first questions to be addressed is

whether the aircraft can be maintained in a state of equilibrium. An investigation of rudder failure was

performed to address this question with the analysis subject to the constraints listed in Table 5. Only

failures of the rudder resulting in a negative deflection, rudder deflected towards the starboard side of

Table 5 Problem Constraints

0 :s a :s 200

-6" < 3 8 6
dMIN ; di < dpAX
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I
the aircraft, were investigated since the aircraft was otherwise assumed to be symmetrical. Table 6

presents the results of this initial analysis indicating that while a complete or "hardover" failure can be

I
Table 6 Maximum Trimable Rudder FailureI

3 Flight Condition I II

Case A -20°  -W0

3 Case B -20 °  -30

Case C -210 -30

I tolerated at the second flight condition it is not possible to trim the aircraft at the lower dynamic pres-

3 sure of Flight Condition I. Note that the increasingly complex control schemes do not significantly

alter the degree of deflection that may be tolerated at Flight Condition I. While not essential, it seems

3 desirable to be able to place the aircraft in a condition of symmetry or zero #. Table 7 indicates the de-

3 Table 7 Maximum Rudder Failure forp = 0

I
Flight Condition I It

Case A -10 9

Case B -10 -9o

3 Case C -5o -100

gree of rudder deflecticn that can be sustained and the aircraft still returned to a zero sideslip condi-

tion. While Case C does provide a measure of improvement over the other control schemes it is hardly

3 a substantial one. The results presented in these two tables indicate that with the control surfaces cur-

rently on the aircraft, even when employed with complete independence, equilibrium can not be

3 achieved at all flight conditions if the rudder fails at its maximum deflection. This statement is made

with the caveat of the constraints within which the analysis was performed. Even a partial failure of the
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rudder may necessitate flight in an unsymmetric orientation. While a symmetric orientation might be

preferable, the fact that an equilibrium condition exists for a "hardover" failure should be noted as sig-

nificant. The aircraft may not be able to be correctly oriented for a landing, but at least the occurrence

of a rudder failure need not result in an uncontrollable departure of the aircraft.

The information presented in Tables 6 and 7 indicate that the increasingly complex control

schemes do not significantly change the aircrafts ability to sustain rudder damage. There are, however,

advantages to be gained from permitting greater independence among the control surfaces. The

shaded regions of Figure 24 show the positions in a/P space where the aircraft can be trimmed when

the rudder is locked in a neutral position. Anywhere within this envelope, the correct application of

controls will zero all of the accelerations and place the aircraft in an equilibrium state of constant al-

titude, rectilinear flight. It is immediately apparent that Case B provides the most significant improve-

ment from one control scheme to the next at this flight condition. Also, the results discussed in the

proceeding paragraph may be substantiated by observing that the Figures 25 and 26 which represent

the equilibrium regions for rudder failures of ten and twenty five degrees respectively. At this flight

condition, Flight Condition I, a significant improvement in the aircrafts ability to return to a zerofl

condition is not achieved by allowing more freedom among the control surfaces.

Note that as was discussed in Chapter IV each case is contained within the next, more com-

plex, control scheme. Hence, the trim region of the control set-up of the current F-16 would be a line

located with in the Case A trim region. Allowing the LEFs to be controlled, but in a strictly symmetric

fashion, expands this line into the band which is shown in Figure 24. The substantial improvement from

Case A to Case B results from allowing the flaperons to act as flaps in Case B. With this new sym-

metric deflection capability the aircraft now has the ability to significantly change its lift at a given point

in the a/P space. One further note of interest is that the characteristic shape discussed in Chapter II

for the longitudinal aerodynamic coefficients, cordent in Figure 24. If desired, the aircraft can be

trimmed at a lower AOA by assuming an unsymmetric orientation.
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The equilibrium regions in which trim could be achieved for Flight Condition I provided per-

haps the most dramatic evidence of the differences between the three control schemes. It can be ob-

served from Figure 27 that the improvement gained from Case A to Case B is the ability to trim over a

greater range of angle of attacks. Very little if any improvement is gained in the ability to move the

aircraft laterally. This observation is substantiated by noting that the means by which the control sur-

faces generate lateral forces and moments is through asymmetric deflections. No additional

capabilities for asymmetric control deflection exist between Case A and Case B. This is not the situa-

tion, however, for Case C. Case C augments Case B by allowing the LEFs to be deployed with com-

plete independence. The advantage gained also is evidenced in Figure 27. Here the equilibrium region

is visibly improved both in a and in /. The question naturally arises as to why Case C shows such a

marked enlargement of the equilibrium region at Flight Condition I when its improvement is marginal

at the higher dynamic pressure of Flight Condition 11. The answer may be tound by investigating the

normalized derivative contour plots developed in Chapter Ill. Studying the contour plots, Appendix E,

of the lateral derivatives for the LEFs will reveal that while they are almost insignificant relative to the

other surfaces at the lower AOAs, they become quite prominent as angle of attack is increased. There-

fore, at Flight Condition I where a fairly large a is required, a regime is entered where the LEFs have a

significant role to play.

Tables 8, 9, and 10 provide a quantitative representation of the same information which is con-

tained in the equilibrium region figures already observed. The computer codes, which performed the

trim surveys, indexed through the alp space searching for points at which trim could be achieved. Each

trim point was located inside a square of area 0.01 deg 2. The areas listed in Tables 8, 9 and 10 were

obtained by summing all the "points" where a trim solution was found.

It is true that in most instances a single point at which trim can be achieved is considered to be

sufficient. For the investigation performed here, two reasons w.re advanced for why it is desirable to

achieve a large trim region. First, in the event that a control surface fails at some large deflection, the

accompanying forces and moments generated may be so large that the aircraft will move rapidly
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towards departure. A large equilibrium region indicates that with the correct application of controis,

equilibrium may be regained with a greater degree of certainty and ease then if equilibrium can only be

achieved at some obscure location in a/l space. Second, given that equilibrium can be obtained, issues

of residual control authority and aircraft orientation, become first order considerations. It is postu-

lated that the larger trim region will allow for greater latitude in selecting a trim location that is

preferable in light of the considerations listed above.

Table 8 Areas of Equilibrium Regions Rudder = 0

Flight Condition I II

Case A 0.35 5.95

Case B 1.03 37.75

Case C 20.61 38.18

Table 9 Areas of the Equilibrium Regions Rudder = -10

Flight Condition I II

Case A .24 5.14

Case B 2.32 27.3

Case C 18.75 28.93

Table 10 Areas of the Equilibrium Regions Rudder - -25

Flight Condition I II

CaseA 0 .81

Case a 0 3.42

Case C 0 6.85
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To investigate the aircrafts orientation and characteristics within the regions of equilibrium,

contour plots of the following were constructed: aircraft roll angle, total drag coefficient, residual pitch

authority, and residual roll authority. The residual authorities are percentages representing of the max-

imum authority remains that could be developed by the functional surfaces at that point in a!8 space.

Note that the dashed lines define the boundary of the trim region defined earlier. Taken together the

plots in Figures 28 -29 provide a fairly complete picture of the aircraft characteristics with the rudder

locked in a neutral position. As fP is increased there is a steady increase in the aircraft roll angle. This

result is consistent with the observation made in Chapter III that the rudder is the only control surface

which effectively counters aircraft side force. Hence if the rudder is unavailable, and equilibrium must

be maintained, some roll angle must be sustained. Since these plots were developed for Flight Condi-

tion II, the aircraft is not limited by its pitching authority. Further, Figure 29 provides a clear indica-

tion of the lateral freedom which is available and what the attending costs are in reduced residual

control authority, aircraft drag, and roll angle.

This point is sharpened by observing a similar set of plots (Figures 30-31 ) which were

generated for the Case B control scheme at Flight Condition I but now with the rudder locked at a

deflection of -10 degrees. Here it is evident that the preferred location within the equilibrium region is

driven by what is most important to the pilot. If maintaining maximum control authority is a first order

consideration, Figures 30 and 31 show the pilot that he must be willing to accept flight in an unsym-

metric orientation of about three degrees of Pand eight degrees of ruu angle. Conversely, if he desires

to fly as close to a symmetric condition as possible, he can approach it at this flight condition, but at

the substantial price of retaining only twenty percent of his pitch authority and forty percent of his roll

authority. Minimizing the drag coefficient, as seen in Figure 30, would require trimming at a slightly

lower AOA. Also note, that even as the aircraft approaches the zero 0 condition, the roll angle is not

zero here.

53



- 3-'0-2C2 ? '8 1 9 4 6 2 14 :2

8 00 .2<0
16.67 66

6.00 / 0

4.67H 4 67
C a)

*4.00 40

a 3 333

2.67 2 67

12.00 20

0 0
0.67 0 0165

0.00 FC. 00
-3 30-2 62 - 94 -1 26 -0 58 0.10 0 78 1.46 2.14 2.82 3.50

Roll Angle

-3.30 -2.62 -1 94 -1.26 -0.58 0.10 0.78 1 46 2.14 2 82 3.50
8.00 8.00U7 3373

6.67 0206.67

036 600 JO6 e-';
6 006.00

5 33 0050653

4 467 O0 4.67

a 4.00 CC--010 O.' 4 00

Figure 28 Aircraft 004-V

Characteristics fo 267gh 267O

Condition 11 2.0 20

0 Degrees rudder failure 0
1 33 13

10 67 0.67

-330 -2.62 -1 94-126 -058 0IC0 078 1416 2.14 2.82 3501

Drag Coefficient

U 54



-3 30 -262 -1 94 -126 -0 58 0 10 0 78 146 2 14 2 82 2 50
900 . DO0

7,33 7 33

6.67 ;)0 6.67

6.00 6.00

5.33 05.033a.

4.67 O 0 )4.67

(0

4.00 6400

3.33 1 Z 3.33

2.67 02.67

1.33 1.33

0 00 0O 0
0.6 0707

0.67 600 0.67

-3.30 -2.62 -1,94 -1 26 -0 58 0.10 0.78 1.46 2.14 2.82 350

A
Residual Pitch Authority

-3.30 -2.62 -1 94 -1.26 -058 0.10 0,78 1 46 2.14 2.82 3,50
8.00 -- 1800

7.33 7 33

6.67 0.6.67

6.00 Q6.00

a0
4.67U?46

40033 3.33

2.87 /2.67
Figue 29 AircraftV,0;2

Characteristics for Flight 13 .4

Condition 11 0.87 04 067

0.00 -10.000 degrees rudder failure -3.30 -2.62 -1,94 -1.26 -0.58 0.10 0,78 1 46 2.14 2,82 3 50

Residual Control Authorities
Residual Roll Authonty

55



-6.00 -5 23 -4 46 -369 -2 92 -2.715 -38 -0 67
6.20 , 20

568 5 68

5.17 / 57

4 65 4 465

a 4713 /, 4 13

3.62 36

3.10 31

2.58 2 58

2.0720

0.5 05

-6.00 -5.23 -4.46 -3.69 -2 92 -2.15 -1.38 -061

0
Roll Angle

-6.00 -5.23 -4.46 -3.69 -2.92 -2.75 -1 38 -0.61

5.68 568

5 1 6 .35 - --5 17

4.65 Q1. 00&0 4 55

4.73 4 13

3.62 3.162

Figure 30 Aircraft 3.10
Characteristics for Flight a 00, 1

Condition 11 2 58 2 58
-10 Degrees Rudder Failure 005

2,07 2 07

1.55 55

1 03 0 03

0,5205

000 L '000

-600 -523 -4 46 -3.69 -292 -2 15 -1 38 -061

0
Drag Coefficient

so



-6.00 -523 -4 46 -3 69 -292 -215 -1 3a -0.61
6.20 620

5.68 00 568
0, 000

5.17 /5,17
4,.6545

4 413 0 1

3.620 36

3 10 3.10

2.58 4 2.58

6 0

2.07 / 2,07

1 55 1 155

103 ~0o

052 -0 T) 0.52

0.00 _j0.00

1-6.00 -5.23 -446 -3.69 -2.92 -2.15 -1 38 -0.61

Residual Pitch Authority

-6.00 -5.23 -4.4" -3.69 -2.92 -2.15 -1.38 -0.61
6.20 62

5.68 568

465 Q,4 65

4.13 4.13

362 *03.62

a 3.10 0~31

Figure 31 Aircraft Characteristics 2~i / 25

for Flight Codto If 0.360 6

2.07 2 207

-10 Degrees Rudder Failure
1 55 1 55

Residual Control authorities
1,03 103

0.52 00 / 52

0.00 000
-6.00 -523 -4.46 -3.69 -2,92 -2.15 -138 -0 61

Residual Roil Authority

57



Further Insight Into the Trim Problem

Two matrix decomposition techniques were used to provide additional insight into the charac-

teristics of the aircraft within a trim region. Through the use of the Singular Value Decomposition of

the matrix containing the control derivatives of the various controls used in achieving trim it was pos-

sible to define the vectors of control deflection which span the null space. By manipulating the Row

Reduced Echelon Form of the problem in the manner discussed in Chapter IV it was possible to define

what the allowable control deflections at a particular point in a/ space are. Further insight into the in-

terrelationship of the control surfaces in achieving trim was also obtained via this decomposition. Al-

though not used in this manner here, this technique also defines the range of failures that can be

sustained by any two additional surfaces.

Four points from the equilibrium region of Case C at Flight Condition I, Figure, were selected

for study and these points are listed in Table 11. Essentially, they represent the extremes in a and 0 at

which trim could be effected. Performing the row reduction of the augmented matrix for points 1 and 2

Table 11 Investigation Points

q a

Point 1 75 12 0.0

Point 2 75 18 -0.8

Point 3 75 17 -1.8

Point 4 75 17 1.8
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and manipulating as was discussed in Chapter IV yields equations (5.1) and (5.2).

LFL 15.27 F 11 -0.13

RFL = 16.76 -0.02 0.26

LHT 21.66 + LLEF [-0.34] + RLEF 0.37 (5.1)
LRHTJ L-23.20 L0.24 L-0-50

FLFL -19.08 0.13 -0.19

RFL = -12.21 -0.05 0.34

r -18.73 + LLEF -0.41 + RLEF 0.50 (5.2)

, -25.64 0.30J .62

Here, the first column of numbers represents the control deflections that the control surfaces listed on

th !lft woud have to tk4 o to achieve trim for the LEFs set at zero. The range of allowable solu-

tions then contains any combination of deflections of the LEFs that does not lead to a violation of the

deflection constraints of the other control surfaces. Points 1 and 2 represent the minimum and maxi-

mum AOA at which trim may be achieved for Case C. If the LEFs are set at their scheduled values for

the respective AOAs these two equations would represent the Case B solution at these two points.

Note that without an asymmetric deflection capability, equation (5.2) would not represent a solution

due to the violation of the deflection limit on the RHT. Another point of interest is that the total

elevator de. don changes very little between the low AOA to the higher AOA at point two; -22.43

and -22.18 degrees, respectively. What does change dramatically is the employment of the flaperons,

which experience a complete change of sign indicating that at some intermediate AOA the flap deflec-

tion is approximately zero. A final note is that the sign combinations on the LEF terms remain consis-
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tent between equation (5.1) and (5.2) illustrating that there is not some fundamental change in the in-

teraction of the control surfaces from point one to two. The null spaces are spanned by the two vectors

obtained in the singular value decomposition. Any combination of the control surfaces within the span

of these vectors, at each point, will result in a zero input to the force and moments contained in the b

Table 12 Null Vectors at Points 1 and 2

Point 1 Point 2

0.1 39 0.0060 [.1 63-0060

-0.142 0.167 -0.211 0.145

-0.401 0.018 0.404 -0.056
0.397 -0.175 L0.44 -0.10
0.631 0_.692 9.444 0.8101

vector of the linear problem: Normal force, Pitching moment, Rolling moment, and Yawing moment.

Points 3 and 4, see Table 11, represent the aircraft at the AOA at which the largest latitude in

exists for this flight condition. The appropriate augmented matrices and manipulations lead to equa-

tions (5.3) and (5.4).

[FL-20.731 [0.11] -0.17R i Lz 5.i -0.03 0.31
L-T = -12.88 + LLEF -0.36 + RLEF 0.45 (5.3)

S -31.2El .2 L

LFL--.601 01

-30.96 + LLEF -.038 + RLEF -0.39 (5.4)
0RT.:3.1 LO. 3O L-0".

At these points it can be observed that both the flaperons and the horizontal tails are taking on large

asymmetric deflections to generate the lateral forces and moments required to hold the aircraft in equi-
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librium. Note t-e reversals in the magnitudes of the control deflections which occur as the aircraft

traverses from negative A, point 3, to positive A at point 4. Again it is evident that with out the aid of

the LEFs deployed in an asymmetric fashion, the constraints on the deflections of the control surfaces

cannot be met. The sign combinations observed in equations (5.1) and (5.2) for the LEFs are main-

tained in equations (5.3) and (5.4) indicating that a fundamental change in the relationship of the con-

trol surfaces has not occurred in the P range traversed. The null vectors associated with points 3 and 4

are listed below.

Table 13 Null Vectors at Points 3 and 4

Point 3 Point 4

0.14 .000 0.159 O.

0.200 0.143 -0.141 0.171

.432 -0.065 -0.415 0.045

.445 0.094 0.415 .210

.433 0.831 0.671 0.628

3s.605 0.525 -0.401 0.728

In this chapter the results of the investigations into the availability of a trim solution for an

aircraft which has sustained a failure of the rudder were discussed. It was demonstrated that even

when the aircraft sustained a "hardover" failure of the rudder, trim was achievable at realistic flight con-

ditions. Further, all three of the proposed control schemes were capable of achieving this condition.

It was also shown, however, that a return to wings level, zero sideslip flight may not be possible. Even

the allowance for complete independence of the remaining control surfaces did not significantly alter
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this finding. Though the necessity for flight in an unsymmetric orientation might not be desirable, it

should not obscure the finding that the aircraft can still maintain constant altitude, rectilinear flight,

even when it has sustained the most severe failure of the rudder.

Through the use of plots illustrating the regions in a/lp space at which trim could be achieved

for the three different control schemes, the advantages offered by each scheme were demonstrated.

The most dramatic expansion of the trim region was observed at Flight Condition I when the six con-

trol surfaces were allowed to operate with complete independence. This augmentation results from

employing the LEFs in an independent manner in a region of a/p space where they have gained effec-

tiveness relative to the other surfaces.

The existence of preferred locations within the regions was demonstrated by the use of con-

tour plots of the aircraft roll angle, drag coefficient, and residual pitch and roll authorities. For partial

failures of the rudder it may be possible to orient the aircraft close to symmetric flight but it was shown

that there are resulting penalties to be paid in the form of reduction of residual control authorities. By

decomposing the problem with row reduction of the augmented matrix of the linear problem formu-

lated in Chapter IV it was possible to gain a better "feel" for how the controls deflected at different

points in a/l space.
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VI CONCLUSIONS AND RECOMMENDATIONS

In the introduction chapter of this thesis it was stated that this research would encompass a

thorough investigation of the stability characteristics of an aircraft which had sustained damage to a

primary control surface. This analysis was carried out by formulating functional representations of

wind tunnel data for an F-16. The polynomials developed from this data were examined to identify cou-

pling which might be significant. This data was then used to perform a nonlinear analysis which

defined the regions in a/l space in which equilibrium could be maintained when the aircraft sustained

a failure of the rudder. The following paragraphs provide a summary of the observations and con-

clusions of this research.

Coupling Effects

The contour plots that were constructed to observe the variation of the aerodynamic coeffi-

dents indicated that there was a significant variation in the longitudinal coefficients as a function of P.

This variation was symmetric about P equals zero. Not only was this variation observed in these plots,

but the trim evaluations performed later also were effected. A slightly unsymmetrical orientation

resulted in trim being achieved at a lower angle of attack. A coupling of a and 5 was also noticed in the

lateral coefficients at the higher angles of attack. Plots of the normalized control derivatives provided

several key insights. The most significant of these was the indication that the rudder is the only control

surface which is effective in generating side force on the aircraft. The flaperons and horizontal tails

proved to be of the same order of magnitude for most of the forces, leading to the conclusion that a

failure of one of these surfaces can be effectively addressed with the remaining surfaces. The leading

edge flaps, which at low angles of attack were not particularly significant relative to the other surfaces,

became effective with respect to the other controls as the aircraft AOA was increased
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A final coupling effect, which was not actually aerodynamic in nature but was of importance,

involved one of the angular relationships used to describe the aircraft orientation. In Appendix D it

was demonstrated that the expression usually employed to relate aircraft pitch angle to flight path

angle is not satisfactory for analysis that will occur in asymmetric orientations. The appropriate

relationship was derived in Appendix D and used in the analysis performed in this thesis.

Equilibrium Evaluations

The equilibrium analysis perforined in this thesis indicated that, with the control surfaces cur-

rently on the F-16, it is possible to place the aircraft in state of constant altitude, rectilinear flight when

the aircraft has sustained a failure of the rudder. In fact, all three of the control schemes investigated

in this thesis, trimmed the aircraft even when a maximum deflection of the rudder was the indicated

failure. While trim could not be achieved at all flight conditions with this failure, and the resulting orien-

tation was unsymmetrical, the fact remains that a hardover failure of the rudder need not imply a depar-

ture of the aircraft. It was also demonstrated, that although the rudder is the dominant control surface;

employing the remaining control surfaces with complete independence gave the aircraft a limited

ability to affect its lateral characteristics. This finding is particularly significant for failures of the rud-

der which leave it free floating or remove it entirely. For these failures, the rudder does not generate

unwanted forces and moments which must be overcome by the remaining surfaces.

The characteristics of the aircraft, within the regions of a/fl space where trim _ould be

achieved, were examined to gain a better understanding of the implications of a failed rudder. It was

observed, that there were both benefits and penalties associated with being located at a particular posi-

tion in the trim region. For instance, the equilibrium location at which the aircraft retained the maxi-

mum amount of residual control authority might result in the aircraft oriented with significant sideslip

and roll angles. Conversely, if the pilot desires an orientation of the aircraft which is nearly symmetric,

there is a corresponding reduction in residual control authority.
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The advantages to be gained by employing the control surfaces with greater independence,

were most evident at the high AOA associated with the lower dynamic pressure of Flight Condition I.

At this higher AOA, allowing the leading edge flaps to deflect independently provided a significant aug-

mentation of the trim region. Most notably, the region was expanded in 0; demonstrating an improved

capability to affect the lateral orientation of the aircraft. These observations, as well as those discussed

above, indicate that employing the control surfaces currently on the F-16 with greater independence,

provides an effective means of compensating for a failure of the rudder. A fully satisfactory solution,

however, will require an additional control surface which is effective in generating side force and

yawing moment. Thrust vectoring might also be a means of imparting the forces and moments needed

to offset the negative effects of the failed rudder.

Recommendations

It would seem that most investigations gerierate more questions then they ever answer. Rela-

tive to the work performed in this thesis four recommendations for follow on work are proposed. First,

the failure of control surfaces other then the rudder should be investigated using the methods used in

this thesis. While information about other failures can be deduced from the investigations performed

here, a more thorough study would provide clearer insight. Further, it is possible that the advantages

to be gained from allowing greater independence among the control surfaces are more significant then

observed in this study. Investigating another failure mode might highlight a clear advantage of one con-

trol scheme over another.

Second, there are two entire sets of data taken by Turhal [12] that were not subjected to com-

plete analysis in this research. The wind tunnel data for the floating left flaperon and missing left

flaperon cases should be curve fit and subjected to the same analysis performed here. The curve fitting
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routines and the methodology developed for performing the analysis are either currently set up to per-

form this investigation or could easily be modified to do so. This analysis would provide important in-

formation regarding the implications of a dual failure mode.

Third, a dynamic analysis should be performed of the aircraft, where the model has been for-

mulated to account for the aircraft trimmed in the unsymmetrical orientation. How will the aircraft

respond if it is trimmed in an unsymmetrical orientation? How has the aircraft response been limited if

the aircraft has been located at the preferred orientation of wings level with the attending penalties in

residual control authorities? These are important questions; which are very pertinent to fully describ-

ing the dynamic characteristics of the aircraft which has sustained a rudder failure.

Fourth, a similar study should be performed using an aircraft that has some means, other than

the rudder, for effectively generating side force and yawing moment.
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APPENDIX A

For the experimentjl data recorded in Turhal's research, [12] each of the six force or moment

coefficients was a finction of three variables; Angle of Attack, Sideslip angle, and the deflection of a

single control surface.

Cf = Cf (a, 3, 6) (A.1)

Three model configurations were investigated; all control surfaces fixed at zero and one sur-

face varying, the left flaperon floating free and one other surface varying, and the left flaperon missing

with one surface varying. A detailed discussion of the experimental procedure may be found in [121.

Obviously it is not practical to investigate every point in the afl/16 space. Therefore, experi-

ment data for a representative sampling of discrete data points was recorded. For the investigation per-

formed in this theses, however, some form of functionad representation of the data was required. A

least squars curve fitting technique was chosen as a method for creating a function which ap-

proximates the behavior of the experimental data. The following is a general discussion of the techni-

que used to curvefit the force and moment coefficients and follows the development of 1121.

Given a dependent variable C and a vector of independent variable X the behavior of C can

be approximated by a predictor equation of the following form

(A.2)

Cf = a (x)
(X) i=O
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I
Where (i (X) is an arbitrary function. At a particular value of X, the error between the ob-

served value of Cf and the predicted value will be
I

El = Cf - E a i I xJ (A.3)
j i=0

In determining the sum of the errors it is important to recognize that not only are negative er-

rors as significant as positive ones but also that the subsequent cancelling that occurs in summing the

errors is undesirable. For these reasons, the error at each value of X is squared prior to the ,umrnmarion

* operation.

The total square error is then written as

a1 2 = I (A.4)

I
To find the coefficients which will result in a curve fit with the minimum sum of the square er-

rors the expression for t2 is differentiated partially with respect to each coefficient Ai. The correspond-

ing equations are then set equal to zero.

6E 2  6 ET... 2 E T  T..

6 T 6a 6a (A.5)

6 T =2 J a I 1 (A.6)

6a i= Cf a (Xj ~ 02 ox)

6E I 1 (A 7)
T C [f -~ a 1 i I x [ -2 1 (X)) 0

6 ai J=1 I =o.

I__ 2 (A.8)
T [ 1 (r 0

. 1 tJ(

The I + 1 equations can then be places into a Matrix equationI
I
I



I A] (a) = (b} (A.9)

where [A] is a symmetric matrix of the following form

J 2 )

J

J=1 J=1 (A.10)

JJ J 2( )

1 -D 0 ( j 4 2 Xj 1 : ' aX 2 ( X : 4 X

J Jo

J=1 J=1 J=1 2

J J : J 2(

Since [A] is square and noasingular, the coefficients of Ai may be found using

(a) = I A] (b) (A.l)
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For the curve fitting accomplished in this thesis the function ( was chosen to be a polynomial

in three variables. Therefore, C took on the following form

L x N
Cf = I E E a zi m 6 (A.12)

.t=O -=0 n=O

Where the values of 'A' determined from solving the linear problem become the coefficients

which multiply the respective polynomial terms. For the work done in this thesis, it was helpful to

separate those polynomial terms not associated with a control surface deflection from those which

were. The zero defection terms were written as

L N
f Cf(CX.P) a a (A.13)

f0 fZ-0 =

In effect, this set of terms represents the variation of the force or moment coefficients with all

the control surfaces set equal to zero. The total value of the force or moment coefficient including the

effects of each control surface is then written as

7

C f (ct(, (, 6 C f + E C f (ct, 0. 6)
T 0 k=-1 k (A.14)

L N 7 L N N

Cf 3 B M a 6 n (A.15)t= E E B-- 0 07=OU 1 ZM.M (3O k~

I I II0



The FORTRAN computer codes used to accomplish the assembly and curve fitting of the

wind tunnel data may be found in Appendix B. There codes are currently configured for and will com-

pile on a UNIX operating system.

It should be noted that the final summation is over the seven independent control surfaces. It

was assumed for the curve fitting that the contribution of each control surface may be summed together

via the superposition principle, and that each control surface was of the form

C C( + G ( +C 6  1 (A.16)

f6i 6 6
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APPENDIX B

Contained in this appendix are the two FORTRAN codes which were used to perform the cur-

veits of Turhal's wind tunnel data. Polyfitb.for is actually just a variation of Polyfita.for which was used

to develop the predictor equations for the control derivatives. Its primary difference from Polyfita.for is

that it calls in the polynomial fits that were derived from the "zero" case data and then uses these poiyno-

miaLs as the basis upon which the curve fits of the other data sets is built up from. A more detailed dis-

cussion of this procedure is given in Chapter II. The programs are formatted to operate with a UNIX

operating system.

ouocinpn /p.*s. hino fcnsj on
Polyfkfor c

exernal f3
c .............................. ... etenal sq_=fl
c POY'TFRc
C ... ........... 000........ 10 pri......................................

print EN
cMaj L Hudson prlo' ' .......... ~ ........
cCapt S. ZWWee print

c prin..'........................................
CThis progrm will perform a beat Squares curve fit oc print. T1 Rend.i data liles'
cexetrietaI data which is read into the proram froms cdong prim' '2L Curve ft data.
cguide and data file. The required form for these files may be print. 'I Graph data and curve fit'
cfound in commernts i the props.. The progri s .currently configured print. A& Evaluate the squae a eror
cto attempt to fit the exerimental data with a predictor equation which print, 'S Write results to file'

c has a polynomia form and i function of three variables; alpha, beta, print *6. Creste pupie fl S ies
cand delta. A detailed discussion of the thaory of thim program may be prim ,7. flai prograin'
cfound in AppendizA of tbe themie For ease of use the props.,a menu prin', ...............................

c driven. Prnt'..'I'
c ~printJA "ntehoet

c See Numerical Kecipees for subroutines SVDCMP AND SVBLSB read' diom
version 01 Aug 89 SMZ

c 16 Sep 89 c
c Thbe guiding file should haow the fohewin formt if (choioeLq.) then

c @8910
l ine 1: tidle else if (dwmieq.2) then

c ine I ouput rik n= eTe zetcokd ndup inthe lMe Pto 20
c in the form of dasa sateena. te. iftdoo~q3 then

cline 3: surface desip~icox appended to the reuubt 6 charersi. wrik*1 ) 'Disbled retumi to ams'
C line 4: asWMAX the i~,se pCIDS Ie~ i i thef cIav &Lt ato 10

clice 5; mauer of da Soe to be read. tem if (choiesaeq.4) then
c goto 675

implicit rest'S (a-ho..) else if (eboice~q.S) thie
c oto 72$

pM-ater (M1adea.50ll ewe if (chiohes.4.6) than
c Poto625

teal'S imslar3.).air te if (thoiceLeq.7) then
real' zdata(3.mszaas).y-datsmsz dta.choie goo 750
real'S oo(W1X" 0W w(O6).(13) 011e

c Noto 10
charar"so tdinamoutdletguidej lA2 Saw andif
cliaracter'p'J tstleutbor,datafacilitydata C
chiaranter'S5 surfacis c The data file am in the forms
charactee'2 force c coutn am. Mtt dasesipuoc
cbaracter' I anwrc

c ~~C I itemnumberfor the data fle.

:ntcw consvuiva'2 c 2 anole of atit.
integar ;sl4blt i~M o_ 6its c 3 drn-h ptma

72



C4 vavAng moment coefficient ((2k).pbmax) b max-.O2.k)
c5 roiling moment coefficient f3.)dmaldmaxz(3.k)
c6 pressiur Ocefficient

c 7 lift coefficient c
c 8 drigcoetcel ,(M)s~h
c 9 pthing moent cofliaie w~t.2).apdras)

c10 side force coefficient w(U.)-s(sidc)
c I1I yaw angle w(k.4)-s(ipqtch)
c 12 no usd - (LO k.)sro
c 13 not used -10O w(k,6)-s(yjw)
c c

C50 continue
c the column identifwer for respective values 75 clooe( 14)

20 ,bet-ll 8=c 100
iapha-2 85 writc(6,")-{ve had an error in reading 'filename
lift-7 ocee(14)
,drag-8 100 continue
iaiel0 dowe(15)
irol-S npts-k
ipteh-9 c
ryaw-4 C

c wnte&6) Mabe data varied as fofsw'
c nte the name of the tle containing the information to guide the prop-am wine(6 1) s~man,' alpha ma
c hrough the dsa input process. wart(40) b man, beta ,b max

c writa(6V) 8 mm.' delta ',!dm
wirte(k-)'Enter the guide ile name.-
read(5,31000) guide c
wnte(6.3 1000) gude
open(15,file-puide~ststus-'old') c Return to menu

c c

c The guidefile contiams goto 10
cL 'idle of the guide tile. M0 a'ine(k*)Wibi force cirkwian do you wish to curve fit?'
c2. Outfile nsame(noc used) wrntc(Vi) '(Enwe the corresponding number.)'
c3. The control surface which is baingvaried. Wane

6
.-) 'I fft,

c 4. Not wsed. anne(6.) -2 drag'
c5. The number of data files listed in the guide tile. a'aite(,a, ) '3 side force'

c ~write(6,O) '4 patching moment'
resd(15.10000) title ite(Vi) I roiling moment*
wnite(6.') title wrine(i'* 'yaeng moment'
readf 13,82000) outfile write(Vi) 'I or greaer for lsating the data'
wtct(6,*) caifle read(SV) lit
read(1S,83000) surface if~iLS.6) then
wrile(65) Itfa c

read(15*) rs~az wrvnew) "wIIkc data do you asle to exmme)'
read(15,) nfila wrte(6*) '(Enter the corresponding number.)'
wnte(60) 'rhe number offtales - 'nfile writt(61) '1 lin,'

C wsiWa6,)'2 drag'
C Initialize maximum values to tero, a'1ite(6.") '3 sade force'

c wnwt(6.1)'4 pitching moment'
npts-0 wni4) 1 rolling moment'
k-0 write(8) '6 yawing moment'

c eritt(6,*) 'lslpA
a min'LOWI wntt(6,) I beta'
basa-LOeLS wnte(6i) '9 delta
d man- LO1 read(5S.) 1Mm
a max--LOeIS it(ae=m k.6) then
bmax.LOeIS do 400 jk-1,np
di-max--LOrIS inite(fl, ) w(jki.,mm)

c 400 contVinue
c Open Chad. files and assgn the windl tuneldatm em

c to the approprate waus for curv ficting. waite4k) lenm'd'saw"
c do 300 ilk. Lape

do IO i- Lamms write(4) A(al-441t)
reaid(1S,9000end-5mr-85) (flnm~~lA-1 9.ea500 continue

Write(6 130000) filnam Coil i

c c

c c Deow the fom of the pol"'Oesia to be CrY. IL
60 30j- L0 c

red(4,d7Sr-)(s(kl),kl-L13) cow bldpm(af)
k-k.1 550 continu

c c
t Thex meesri consa the vaueas of alpha. c Perform the heaqe nie OLe

C bet4 and surface ilifeowde n ipetak" c
c call ktq - om(w)~%.~~pe~ofI1)

IGtk)"61sIapiu) do 6M0 ujk Lno-om(ifr)
c c

C The sign on the beta readings a negated to conform P WOOt the reub of the oarve fit to screie.
c to standard ooanasm (wnd froes the rgigh) c

wnc6600 l ~. i~j~~t.diki)
ax2Zk) - (- 1) * s(ibets) tcosifijitifit)

i(Il)-dicta 600 continue
c end i

f(~ )Ja ma) s e,~ .k)c
,f(2kjlLbs) bmaa.-mZk) c Return to meoa
AI~KUJLd,,min) dMena(U,) c
if(1(~ltk.gams) *_maxz(Lk) gwo 10
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C ~~~call surf(ooef( ~ft.l~~~oa~lvar.1)
cGRAPHER AND SURFER FILE CRE-ATION end if

C
625 wrtd,)Whikh do you want to bold constant?'

*Ttc(6i*)' 1. alpha' c Return to menu
write(6,0)' I. bets'a
wrL(6*)* 3. delta' 50(010
read(5. ) corn c

c c Define the r squared value af the curve fit and provide
arite(o)~wbu is the first variable?' c the opportunity to modify, the form of the polyntomial.
wntt(6,1)' L alploa
write(6Y) 2. bets' 675 error a aqr-er(w(iit),npc~coef(iit),fit)
wnce(6.*)' 3. delta' w,,te(6*)'
read(3,1)varl wnte(6.) 'The value off r q~ired i 'reror

c write(6-)'
iaite(6"yVbt i the aecond vaniable?' vrfte(6*)Wbs( do you want nex?,
write(6")' L alpba' witt(6.)' L. Remone powers fromi the approimating functiona'
wnte(6,*)' 2. beta' wnte(6.)' and refit.'
witc(4k*)' 3. delta' write(k')' 2. Add powers'
read(5*) var2 write(6.*)' I Quit'

c reaid(5.) juemk
c initialize limis matrix with variable ranga c

c ~if( itaak~eq.1) then
limis(L)-A-min write(6V)'Whati the amallest marnitde you wiab to keep'
liinits(I,2I-@max write(E.)'in the cuerent GOt'
limits(2.)-binin read(5.') bound
limit$2.2) -buas call rmcoef(coef(isfit),boundifit)
limits(3I) -d-min g0(0 550
limit&(32)-dmaz else if (i taakLeq.2) then

C call addcief(codf(,dle),ifit)
c Soto 550

650 winte6')'Tbe range on the constant is:' else
e(iW,*lsmits(cone.1),'onstnt ',limits(cons.2) c

wrice(6.) 'Do you wanw to change 0t' c Return to menu
read(S.8M) anw
if(answer.eq.y Yor. aeiswer.eq.'Y') then Pilo 10

wnte(4*)1Whac shoud the lowervalue be?' end it
read($.") limits(consl) 7M cogl output(codf(Llllt)ifiterror)
write(6,')VWhat should the upper value be?' c
read(S,.) limits(cins.2) c Return to menu

end it onto010
c c

cSearch for those experimental data points whicho fall ithin
c the variable ranges deied above. 10000 tormagam0
c ___torae(beS..32i3).'coe~ia ib.id'.i3)

call ~ 30tormas(3'r-dq frm',s4O)
x cons~verlvat) 310formaM~S

c 32OW (ormae(S(IzelS.7))
c write the vaiable values, force or momient values. and 60000 oemat('fta om'3.'iw'i3,' ib'iI' id-'il' ooiefe',

cevaluated values to a data ite for evaluation in 'grapher' I e12.5)
c 9M00 ormatfal)

write(46) 'Do you want to crete a Grapner file?' MW00 format(a40)
read(S8000) answer 83000 tormagfaS5)

c 89000 formatQ,' alphba-'4.5.' beta -j',f0,' delta-.'.fS.Z
ifans'ereq.'or. answereq.'Y' then I 'ooed-,fL0.)
winte(6V) 'Enter the Die name wish dat;' 90000 orma(2,1I1.3x.)
read(S,31000) gflle 750 MTP

c END
open(10afile-Ofile~stais-'unkriown') c

c . ....................................
do "S i-.ndats c LS'1SOR
vanl - evlsqr(D3.co(Lifle).~otmiti)jzdaea(Li)) c..............................

c c
cThe Graph.' file wil a the folowift form subroutusne lesqr(frAan xio, rnpscoef)
c e''4 ma aom etai description implici reslS (a'h4o-s)

C luramst (mezaw I"0
c I Valueaat the &avsell c
c 2 Value aft he saeod versle. c tunicuis aexpii flatitii tsm losiving the set of fitting functios

c3 The4 ,seIenI dam valise at tlate point; c to be usd i the least squares oio fiting proes
c 4 The cuaie fib value at that posns. c It ho the ouswing parametier let:
C 5 Value of tbe -al bold cooaea e ftunco n&"c~k )
c e The srumnew wec

wrteIW.300 a dam~vwlj~x darn var2.i).datai) c niffc - the idntl~lton nmber ot the tunotioin to be used.
x vidLzaca"cOne-) c a -an arrayof ars~iestacitt unction.

665 continue It u the id= to the arpament to use in the evaluation
dmoe(I 0) c Oftbe funtction.
ett; i c

c c n( is the number of fuinctons contained in the family of functions
cwrite data to a tile for evaluation of contouir plots in the c priwidedl by fuicos

t 'urfee aoftwar. 'These data Giles contain oredicted values
c t th e fare or moment a a function of the two specified variables c a is the array, ot values, at which the known values are given

c C It may be one dimeninal or multi-dmensionalL
Wme(6tik ) 'Do youwaswto create aSurfxer c
rtad(S,8000) en~ cw is the array ofknown values tobe curvefitted

c
ifaswa'.eq.'Yor. womer eq.'Y') then e nprn a the number' of points to be curve flued&
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c a boiste aourday orcefecingit wiheting thBfnciosPWR-Z~

c Amle te a(LJ) i to bu e used ifncdtejik) tc whend e h oyosa trnt eue o cenpibn h us
c0 co ntinue of the po ona prenicto thetirt Aoyoma Cilivlecminin ftrevn

c0 ca b ontnd by reernen thetfsisnaBLPpsd fthss
C tai=1 c .......................

do 300 k-1Lop inC e (0l6,b 0.)i(116nfn6

rh(i)-h(i) +' functn(Lxk)wfn~xk) C hchmon 1m fiaeibjdOno tems t be ue o oopibn uv

100 continue c iIneeral tet delyoma ilifMommun ftrevrak
400 continuecSeReinaprdxAoMs.

wmce(6)SoMng the linear equations in lstr.' (efn - i fi
C 50 voite(4 )'Doycuwu to'

C Solve the linear problem which has been aeuip. writc(6)' L. Generate all coatbinationsol' powui
c wrte(6*)Z Enter specific cmbinations of powers,

call od soK~ao elnf.m@"emcie) read(S,*)
c do 500i-1,nf c
c wrte(6*) 1. coef(i) f~js~)then
CSO00 continue writt(6) 'what order do you want alpha it to ber

wrlte(6,*)'FmMWh in 6UWq.' read(S.*) ima
return whte(6.*) 'What order do you want the beta fit to ber
end read(.) ab

C write(6V) 'What order do you want the delta Sit to ber
C ................................. read(5,-) ad
C SORERR k-I
c.............................. . . . c
C rWSwdoWerx~p~of h c This routine perves ad permutacios of the posiers specified

c do 300 i -lns
c do 2W iZ0,nb

cThe purpose of this subprogram is to cakLcutt the value of do 100D i3.0nd
crsquared asa mmesure of the 'soodness'of the Curve fit. ia(kifn)-il

C ib(kLfc)-i2

,mpkkd real's (a-ho-z) kkei
reaWll 3(3, 1

00
).co()~w(1)error~sum Lnerraeqr 100 Continue

resill sum2.aumilraqrmesnttwiinwasi zo ontinu
integer is(1ltib(106 id(1006).aotfn(6) 300) continue
common /pwn risibAno fcis i cit comb-asalod
exenal 13 tiee if (ORe.2)4
SUMl - 00 c
SUM2 - &0 c This routane ago"e A. -- iaticn of a specific sa
SUM3 -1010 c oftm
wmtn - L~e1S c
wines - -LOWS k-I
do 100i - Lnpta Print. entear the nuimber of combiostions desired'

-Wi-~asx waiss (W) read Wm.-b
suet - mini + 5(i) do SD0J-Liomb

100 coinuexi print U~ig oominmatice- It
Oman - aSMI / MUa print*sou Sfthisb paver on Won'e
do 200 1- Lraps read alp

cW- efen no().1 ))prit 'ate b po n belita,
-1- w(i) - - rMco.n(jo~i~i)) read, bet

suin2 - sms2 + (srrorl)-2 print. 'e the poie on delta'
suam3 - vm) + (wml - .msr2 read .dd

200 cousw is(kItis)-lip
rW -I -l'(m-2Mui3) ib(ktjfci)-bot
swqre I iWd(i ten) -de
return k-kwl
end So ntntan11s

C else

C Noto 50
C ............................... end if
c P3 do 9 j -Loab
c........................................................f~~e) fjit.) djitn

real'S8 unction 0(l xk) no-on(itcia) It - I
,mph&ci realB (&'bo's) wn'ts(6i0) oojenaijcn).'futiaiios initislized in bldpiar.'
real-Sx3() return
integer a( 10116).b( I0I6),id( I006*pnocn(6) end
c0omo Ipmri rfwb.4nojensxiki Ce

C C...........................

I (LgL 100) -W.) -** ERR. -undeclared tunecio for. c EVLSOR
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real'11 function evisqr~furictnmooetrn(.) AD co

cThis functions evalutes, the curve fit at the first Point in zimlctra*&A z

reala8 ooef(1).g1) c The purpose of this subroutine is to provide a
eternal tunt c means for adding polynomnial term to an exuting

c c predictor equation.
evsqr-U 0c
do lO isItrnf realS coef(1)

eclaqr-evlqr + cof(i)*functn(ixl ) integeir is( 1006).ib( 100,
6
).id(l006),no-tcns(6)

100 continue integer oombknee'an
return common Ipwn Jiaibidoofotsitcn
end print *,'enter the number of additional comlebnstions desied'

c read '. comb
c ............................ k -I + no to'u(i to)
c POLY C

c ..........................................c Asaemble the additional polynomial terms and
c c append them to the emaang polynomiail

c C
real'S function poly(nfniz do 800j- 1.comb
implicit real*8 (a-.co-z) print. *,building combination', k

c print*. 'enter the power on alpha'
cThis function returns values of the family of Polynomials. read, alp

cprint *.'enter the pow on beta'
cntnc "e the power to raimex to. read'.bet

c print 'enter the poweir on delta'
if(ntnfc.eq.0) thein read del

poty-L0 ia(kifcu)isalp
else ib~ki n) -bet

it (X-40AO) then i(kitfcn)-Me
polyistlo k-ki.I

elao 800 continue
poy-enic: no fcsi In) - no foui-tn) + comb

end if return
end if end
return c
end c ..........................................

c c O1YI'PIJ

c RM-COEF c
c ............................ subroutine output(aoeditrxqr)
c c

subroutine cm coet(coel~bouni In) c Thie purpose 01 this subprogram is to write the values 01 the polynomia
implie reaPS(A~O-Z) c oefiients and respective powers to an output file.
realS coof(I) c
integer ia( 10%6ib(10ll.6)id( 106)ooiac(6)
commion iyr fmib~idno for~ifat integer i(Iib),l(10,id6O).o foia 6)

ccommon Ipedr riaibk~ndcnui tatc
cThe purpose o this program is to remiciv those real'S od(1
cpolynomial teems wi~ coeficoenta arn smaller than real 1 S rW

c a specified value. This rotine need w.orlL character ' 40 data
r chansder 6 14 control. force

writ*(6,*)'n rm coefwith bound-%bound prit *. ETW the Mie oes
wnite(VY00'no as -'oIuiI)read(3,1000 dama
Wriic(,'In.O'i t open(lfde-deattatin-'unkno-I'
i- I print'*, Tnierthe control saat

100 OntIMn read(S. 13000 cofnul
if(dabs(coefQ))AIbosind) then print'*, 'Enter the forme being fit:'

if(Lne.no tau(,ifn)) then read(5,1OOO toreis
do 20j - ciiauiin)- I wtite(16.) Ontl

ia( jI n) - ao(j + Litn) wnite(16.) toe
ib(jIn) . ib(j+ Lijfn) Wie* IV) rw
idWJ fh) - Wd(j +Li In) wnite(M.") onotats~idk)
codo) - coda+'1) do 100 ikisLnqac fsi~t)

200 oanu c
edit c The outpu file wiM have the following form

w~ojwlh~h 0 c oluMm oite deseriptic
ib(notatsi-ih).ifh) is 0 c
id(notau-O_;).ijM) is 0 c I Counter of term number.
coef(no fae*Lt6)) - 0.0 c 2 Power on alpsa tor that teirm
no-fiasi -n 8s noesm(l-e )- I c 3 Poer on beta (or that term

end if c 4 Power ondeltafor thetrterm.
i-1+1 c 5 Coellieasocated with thu term

r(iLex~nr(ltn)) g~o 100 c

do 300 i - Lno~fois(i~fn) z cod(ijk)
write<6.iWODD) a&(iiln).ib(iin)id(ifn) 100 continue,

3MO contiue
return do*e 16)

10000 lform**~ The number of functioes is 'is) WrtS(6*) 'ouPu file1 coplete'
2000

0
formse( 14 .' i'b-%i' ldi'.i3) 10000 ormatS40)

end 15000 tormeala14)
80000(ormat(4(13j42),z11.)

c ...................... ....... return
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end xvr)-tj
y(,) - vlsq(f3,ooe(.nofcns(ifi).x)

C wrue('1132"0) xr1c),9varZ),y0i)Xcoia)
c ............... ............. 00 continue

C FIND PTS 150 continue
c ............................. close(11)
c return

subroutine 3mJyndjaye~palml 31030 foriaat(a40)
z coeuavwLvar2) 32000 focmat(4(1zxe1S.7))

C end
cThe purpose of the routine.a to search through a set of data points. .
cand collect the points which fall within the limits specifiedc

C C .......................

C x points in the domalin. c
c y a = functioal vaiues associated with x SVD SOLVE

cno-dala. - number of data polints total. c ;......................

cxjets - - points which awe found within the limits
cypts - - functional values assocated with %_pts su~broutine sose(& nnpmp)
cnojis - number of points found. implicit reW*(MA-o-z)
climits - -the hound@ at acceptability on the data points. Paramete (ama. 100)

C Iitti(ij j- Ilfor lowmbit reWSI A(mponp)W(nmZ)V(nme,2)
c j-.2for upper itak c

CCOnIAtat the satiable Which as held constantII. call xv- ampimpiws)
c aMA. - 0.0d0

integer comsvsrtvac2 do 100 jLn
real*$ x(3.).y(l) if (w(j).-u wmat - wMj
real- ajts( 3

,1),yj~ts 1) 100 continue
real*$ lim;*a3M2 wmin - wase Oil- 12

c do 200J1.n
c if(w().lLWain) w(j) - 0.00

nojets - 0 200 continue
do 300 i - no-data Call ffVaksb(L.V~n~InnPWmPlh.)

Irf(oeat~i).lt.liit(com. I} or, return
s cn~).tlmtacm2)goto 300 end

cinclude svdcnpfor
cnf t i s er, thn itiwihiniMae. include uvbbfor

c PolytsW~or
noPta - nojut+l
-a(-L-_) -3ar1.)

zj-esVmZioPts) -g20z24
ajcts(coms.4oojea)2(comi) c POLYFrMP0FR.
Yjxas(nojts)"yi)

300 continue c verson 01 Aug 8 SUIZ
return c
emd c The piding OWe should harve the following frmae:

c c
c .........................0 ............... c line 2: Wae

C SUR? c line 7-outpu elle.The cuve fitcod end up in thifle
c ............................ c n the form ofedata staeentsu.

ccline 3: surface desipation, a-aie to the results 6 characteMs
subcmut surf(coelimiittcom~va Lvar2) c line 4: nzxayin the highet Powers desied in the aatve fis

c c line 5: umatofdamGouto be rad.
c The purpow efttha upropume Wto create an array ofdata for c

cuse in !SURFER. The Gria columno a ata the first variable, the impliel real*$ (a-ko-s)
csecond the second, thes third i the evaluated force or moment value p -me (waadta-000

andW the fourth ciolueon a the value atthe vnahl held constant. resl'Sliadh(32),rri
c real*$ aa3,naadaaa.al)coc

implicit real (&4&.o-&) cr$lco@(Of1)(100(06),s(U3)
parae- ( -_d--23) c
character " 40 soile charnacter5O ueinwoutpiejoe & le
real*$ ~3~ )Iimi3M2 chriacter8 Wld utbor daealatede

rel* 9nio1)dvs+ Ntod + 1),yno.divs + 1) chancter-5 ouracs
intepw as( 1046ib(100.6).d(100.4nofoscomcveLva2 characte2 fore
common /P-e r&A.nofau(6fo charactar'l
external (3 c

C intaW tomysetasr
c Gense .date arroy In be O~ned integer is0( 6).ib10Iid(10nofct96)jtak

ccommon /PM 4~mift
di - (liedsia(vrLp) -W(*.-I ))to~ li eaIaLM 0

dy- (liedlavm= -) kx(v-Z))soda eftetnal W irr
c c
c Iniallis the Mle in are .x .scommtis 10 pd ...........................

if. I) &Seelts() + Ims(L2)) pmi.. ....................
AZt)- 0S'(WI(Z1) + k~(2.2)) pit*
93)- 03'(fita(W3.) + &n*m3,2)) ar,. ............................

c Peint 't Radindaaa
c ~peatm % Cur" edam'

write(*) 'Eniter the Mie neae met dse' print *I Graph data ad curv 5t'
read(S.31000) tile print *.& Evabasle theiaqum strut

c ~prnt I. Wrlt rlts to fke
open( I Lf WMedela.s uknalMW pmn'& Crea vpbing Mhs'

do 130J jbodw prmInt'. Exitoga.
tOj) - linsits(..u2.) + (j.)dj print, .'...* .........0................
do 10D i -Lo ib print..eI

o~)- limits(vrLI) + ild prli 'Eiitddiim.
gvui~ws~i) read. e
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c do 100 1.ifile.
c read(l5.9OW iend-75.err-85) (filename(i L, t).Al 1, 19),delts

if (cboiceeq. 1) then write(O3000) filename
gawc 20 open( 14 

rile - ilenawejtatus- 'old
else if (chaiceeiq.2) theai

goto200c muat adde control setting value to the beginning ot each data file.
else it (chaleeeeq.3) then C

goto 10 do SO 1.60
elae i (cboice-eq.4) the red(4..end75eTT-8) (s(kl),k1-1. 13)
Soto 6735-~

else if (choiceeq5) then x(Lit)-s(iaiipha)
goto 725 xk) - (- 1) " s(ibeta)

else if (cbooceeq.6) thaen xt3k)-deta
goto 625 [(At k).La min) inin -(,k)

elae at (chaiceeql.) then it(S2,k).l -min) brn.in-z(2.)
g010 750 it(x(3,k).lLdimn) dmin-z(3,k)

else it(x(Lk)."_amaz) a~maz-z(Lk)
goto 10 if(x2,k).g~b_-a) brna-g2,k)

c w(k,1)-a(ilift)
cThe data file are in the tormn w~2)a~d'g)
ccolumn nA3 itemn dewntpuon w(k.3).a(hjd)

c w(k.4)-a(ipitdi)
c I temn number for the data ile W(O.)-S(iro)

c 2 angleof attack. wk6)-bgiyw)
c3 dynamic PrC-r 50 continue

1; 4 yawing moment coeTiens. 75 doae(14)
C 5 rolling moment coefficient goo 100

c6 pressure coefficient 85 write(6.*)'Have had an error an reading 'filename
c 7 lift coefficient doae(14)

C8 drag coefficit 100 continue
c 9 pitching moment coefficient dae( 15)

C10 side force coefficient npsak

12 riotused - 00
c 12 not used - (10 write(4") 'The data varied u tollow&-'

C wtite(6V) a max' alpha '.2 max
c aafite(6,I) b-mr'bet',basz
c the column identifiers for respective values write(6.1) d mi.' delta',d-maz

20 abeta11
aalph=2 c
liftt7 continue
irag-8 Vio 10
iaide 10 20 wns() 'Which coe do y.ou wis t wor nt

iptcb9twic61 'I. die
ayaw-4 'aitoi,) 1 Mlae'

cEniter the name at the file containing the atatomatmo to guide the program read(5.) ca
cthrough the dat input proocaL if(imesqi ) thai

c ~~call ria (co)
wne6*)SEjter the guide ile nam' else it (kameaq.2) then

read(S.3 1000D) guide caml flozer (ice")
wrt(431000) gud else ift(iaseq3) thai
OPen( 15,tde-Vuide~tataoIII'Old capl mier (i=")

C else
cthe main rile conUam Vot0 20

c L tide card to be ancuded asa commerst Ime in the data statements awi
c 2 nzxpe. and ns the order.s of alphbeta and delt fits. NOT USED
c3. nriles the number at file namaw fo tllow.

c k a lit of ile nemei contaaining the data tar idlvidual alpha sweeps. c
on filerA name per MLne wite(6.)Whid torc coeffidaic do you wish to CarVIC fit?

C wriu(fi,) '(E-te the corriespondiing nuber.)*
cThe outputis in the form of a data atatement tar each coeffidlifiL a te(6V) I M'

c write(6V) 7drat
re*d(is.10000) ile WKDt(Gi) '3 sidle tore,
Wrna(6*) titla wAclsa6) '4 pisan momima
read(15.MO)ouaieS wmita(.) '5 rolligmoe
-Wn(

4
i) oLICS. wriWe6,) 'llyaing 8

reed(15.83008) * m wr*V(~) -7 or vate tar listng the data'
urine(6.*) sAtaM read(3.-) &f
read(15,*) iw~nu ifortiLA.6 than
rel'o Is) no- wrjua(40) "Which ddata do you wish to eame?
wrius(61) lrb. nmer of Ma %ni'ails wria61) '(Eate the cormapoading -ub-.)'

c lno i a iiu values Wo ern aiite(4) 2 &aW
C ~wet(60)l 3ida tores'

c opai(12.fde- dat&AIAWtom-'unknoaI' eme(6i) '4 pitching mmn
npts.0 write( ") 'I rollhig moe

k- wite(6)'6y-ugmaai

a inx'LW tt(.mL) iem

bmx--Llhl do 4ijk0. L"
d-mmz-LO1S write(6) 5i(qkiaxm)
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400 conunue read(S,8M) angswer
else if(answeneq.y'.or. anower.eq.Y) then
wrte(6'.) -ma.6-emam- call gcnjcr(coef( Lt)ia LcsirokrLvar2)
do 500 ijk -Lnpa end!i

wnite(6,*) x*mm'6.ij) C
500 continue gotw 10

enid if c
else

tatc - ifit c
C call bldpwr(ifit) 675 error m sqrcr(w(ift)nptscoef(,Lirt),irt)

550 continue write( 1)'
call 6"aar (f3,no fcxuilit).z&w(1.irlt),npuscoef(14ft)) wrnte(V) lbs value of r squared.i ',error
do 600 ijk- tofcns~ifit) It4*I

wrrte(6600) ijai(ijkit)ib(ijsaflt).id(ijkiit) wt '()Wbtdo you wais neair
zcoef(ijk.iflt) wrte_., s. ?emove powm from the appronsoatng funaiosu

1,1 continue wrlte(4')' and refit.'
rod if write(6)' 2. Add pmv'

gAO 10 wrte(6,)' I Quit'
C read(s, ) i -task

cG RAPHEt'. AND SURFER FILE CREATION if( i taskLeq. 1) then
C write(6')' What.i the sumallest ianapitude you wsh~ to keep'

C wsrite(6.*)' in the wrux fit?
C read(S.') bouand
C call rmcodoefooftift.bourmdfit)

6Z5 write(6,*)"Wbch do you want to bold constant?' goco 550
write(6,*)' L alpha' else if (i ti.s~aeq.2) that
'srite(6*)' 2. beta' call addeoet(cid(1,ifl)iml)
write(6,*)' 3. delta' goto 550
read(S*) corns else

C goto 10
wrnte(if~)"What is the first variable?' end if
writc(6*)' L alphta' 725 call outputqcoef(1,if,E'.ercr)
write(6,-)' 2. beta' goc 10
wnteV)' 3.delta'
read(I) varl C

C 10000 formmaaS)
wie(46)V~ats the second vanabke? 20O0Oom2 .&3(B,t3) oK is. ib, id' C3)

*eteL(6.*)' L alpba' 3000 formatl(Sx'mading from ',&Io)
write(6-)' 2. beta' 31000 forniat(aS0)
writt(6,-)' 3. delta 32000 fornat(5(1s..13.7))
rftd(,) var2 60 0forrnt(' fa no-'A' a-'A' lb-' e'i-'A' coet-,

C~ e 12.5)
c initialize Oimits tatrimsewth variable ranges sm~fornat(a1)

C M200 forna(a40)
Iimits(LI-a-mn 83000 fmsma(*S)
limt(1,2)-msm 9Ma 89 fornt(A4'alpa-'f0,*bea-', la .dd'f.z
imitaZ 1).b jutx .'codf., 111-)
(imits(2,2)-bma 90WO fortnaL(219a 3.3.2)
1imits(3.1)-d min 750 STP
limit(32)-dmaz END

C C
C ,........................**.........

650 write(6')lb range on the constant ir' c FLXZER
wnwc(,)lmis(co.1),' oomwtnt .limisweo.2) c ..................................................
wm'e(6 ) Doyou wante chane it?' C
read(s5s000) aane broeutil OeW(e)
if(muweq.or. ma.eq.'f than inteo W006 104d(0Xn~-6
wnte(4-)VWa should the lori value bar' co- IPevr rwinofem~i
read(S,) imaea0Mae1) integer alp bet. dA comb. note
wrte(6*)"Wbae should the upper vabs bar' reallsocoiRl006,a(5 rs
read0") fimsts(cons.2) integeir hftdrag~adepKeebroQya
solo 650 chaeacter * 10 formcoasroll

eId if
cag rmd.peau(xw(ift)npazxdats.ydeea..MAAEhs C
x comvwLvar2) lift - I

G dras 2
cwits. the vu'bhi W-M yzes. form or moment values. sod side -3

c evaluated vsea to a fl for evaluatio in 'grpbu pith - 4
c rold - 5

a1,tt(6) 1Do30 urn VMS Wom CIMa Srah ? f YEW -6

oQs~ r. in'meq'Y') than c colum ewdens'
wota(4V) 'nw the Me aem wit Am'
rmad(3,31000) ef lfcm -1I

do 665 i tombst -bt 3
vall - et.j(OMcodimA fca(kl).xzdasa~i)) deft& 4
write(101UM00 adatarj ~11v im~jdaca(i. dd -

a vailsdaawornj)
663 contlue

C1049010) open(4e*nLdt'Aom'od
end it remd(14.) coaou

C wite(6) co
C wite data feile for evaluaaon of contour plots in the read( 14.' force

c 'surfer' "olut m site(61) fore
C reed(14) rW

Wnrre(6) 'DO You Want to QrSat a Surfer rd?' 's'r*4() rwq
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read(14.*) nofn apic)-S(ialpba)
c bo.potch) - *(.bem)
C doj,pacb) - s(klelts)

do 135j ~160 zceQ~pitcb) - sQid)
read(l4.,end-2.5en3) (s(k1),k1-L5) nojami(piteb) - &(if-u)
wa~jift) - s(ialpba) 95 continue
ib(j Lift) - s(ibeta) 100 C408C(14)
id~jift) - s(kke~a) 105 wite(61)'Resding tamtdaC'
zwoef(Olft) - S(izd dose(14)
notc-ift) - S(im) c do 110 j - 1.ncapitcb)

15 continue c print . w~itib( c),id(j,pih)z((j.pith)
25 close( 14) 110 continue
35 write(6,*)RcadinS rfLt' c

doe( 14)
c do 40j - 1,notfcm<Iift) open(14fde-fu5.dat'asatus-old
c print,* ia(jpifttib(jlift),id~jjift)zoe(jdift) read( 14,') contro
40 conin ue write(6.0) ontrol

read(14-) fore
c wrnte(6,*) fore
C read(1,1,) riqr

open(14fle -r=2dmt',stasm-'old') wrft(6) tsW
read( 14,') cotrol read(lk 1) noth
wriie(6V) control c
read(14,) force c
wnite(6) fore do 115 j -L60
r-d(14,*) req read(l4'aed-12S,err- 127) (s(kI),kl-L15)
wntg6,) rWq laajroll) - S~iaipbs)
read(14.*) n0(0 ib~~ol) - ibm

c id(jroll) - s(Wdt)
c zcefdjrod) - SQzd)

otcm~rom) - s(itf.)
do 45j-1L60 115 continue
resd(l4.end-50.err-5l)(.k).l15) M2 dose(14)
ia(jdrig) - s(salpbs) 127 wite(6.Y)Ieading fl=5.dat'
,b(j drmg) - al,beta) clO4( 14)
idodrag) - s(lddti) c do M5j - Lo ti(roff)
zoodejidrag) - (IOZd) c print . i&Go),ib(J ro4kd(roH),zcod(IGrvl)
no tc0.(drag) - s(ifca) 130 continue

45 oonnue c
50 d~oWe14) c
51 wite(VIyeading rs2.da' open(l4,Meg-=dMKnzaom'od'

clese(14) rd(14.)wcnrol
c do 55 j - to tm(drag) wrfle(6,O) conrol

c print ', imGd-g)jb(jd-g),idndrg) ed-~rg) read( 14.) force
55 coninue wiite(6V) fore

c read(14.1) rNt
c .oiwfk *) trt

oprqf4r= .dat'xLus=old) read(14.) n0(0
read(14.) conitrol c
write(6,O) control c
reod(1.-) formeo1, 6

rcsd(14*) rvW isayu) - (iipha)
-nce.) ruq ib~jy-w) - ~ibeti)
read( 14.') win id(J yiw) - (iddta)

C zoymv) - 602cd)
c mo-fa(Y-) - .(ifa)

145 continue
do 65 j- L60 150 do*e14)

remd(14%nod-75,aTy.T (aKk1)kl - LS5) 155 *iW64.)Rmidiag ftimdmt'
W(JPme) -I(imlpbs) do*~ 14)

b~jd)- s(ibisa) c do 160J - Loo tau(yww)~ed)- s(idue) c pnm'" Wk-W~yjd(jw)Aoow)
zoodfjUiid) - @(4zd) 160 co0akme
nojce(ide) - ii(ilct)rem

65 Conuous eid
75 de(14)
77 -weiita h)R &3.dme c

doW 14)
C do 80) - 1.80oja*AW~) c .... ...........................................

c j* printd e . PLOZER
80 oontu C ......................................
c c

c include fowi
opei( 54.3- flm%~ Awau- -ol') c

writa(4.) wac MISzEst
re*d(14.-) (om C............................
*m*.(4.') tore
resd(14.1) rmW include mmme

re*d(14,*) noth c

c c LSTQR

do95 j.1.0 c
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c SQREPR

C
'ndude sWeraor

c F3

indude 3.for
c e ..... 0000 ......... o• oe .......

c BLDPWR

incJude bidpwr
C

c EVLSQR

ndude evtaqr.for

C POLYt

dode poy.for

C RM-COEF

ndiude rtowexfor

c

c ADDCOEP

,ndude addeocLtar
C

idude out~u for

c FIND M

ndude lwndj.for

C

c GEN PCTR

C

indude gejdr
C

c SVD SOLVE
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APPENDIX Q

IntrodUction

Included in this appendix are the "polynomial equations" used to predict the aircraft control and

stability derivatives for use in the trim analysis. Each set contains the following information. The data

set on which the liest squares curve fit was accomplished to obtain the polynomial coefficients; i.e. zero,

righit horizontal tail etc.. The force or moment coefficient represented, the r squared value calculated in

fitting the experimental data, and the number of terms in the polynomial. The columns of the data file

contain the following values:

1. Number of the polynomial term

2. Power on the alpha term

3. Power on the beta term

4. Power on the delta term

5. Coefficient Associated with that term

It 02 00 001001147"Aircraft Stability Derivatives 12 02 01 000001M62

idW

lift8
OL 9995861303301 00 00 00.0000000

8 02 00 01 00-.016175"4
01 00 00 000.2429N 03 00 02 0002001131

02 00 01 00011764 04000 00 0.0000390
03 00 02 00 OL.0W5 0501 000-070
0400 03 00 .00063M 06 02 M 00&0000172

0 00 04 00 .0009056 07 0201 00008"009
06 01 00 000.57014% 00 03 00 00 -00M0096
07 01 02 00 000010 Zemu
08 02 00 00D.0Pals

zero19W01
drag 9

0.90O96917176 01 00 00 OOOLOI
2
IZ

12 02 00 01 00-.00372111

01000O00000W 913 03 00 02 00.-.00i97M

02 000100.0000017 04 00 03 00 0600019974

03 00 02 00 0600011 0500004 000.00018126

04 00 03 00-.00002M0 06 02 00 00 "01%W467

0500004 00-.0000Z131 07 01 0100 .00M0031

06 01 00 00,00090749 00 01 02 00.0000142

07 01 01 000.00017652 00 02 00 00.0001120

08 01 02 ODCLO0036301a
00 01 03 00-.00001032 roe
10 01 04 00 -00000%63 0.9748373462692

12
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0100 00 0.0000000 IN
02 OD 01 00-00260" Wde
03 00 02 00 0.00002188 1.9937290065S8M
04 00D0300.00000592 3
05 01 00 00 .003762 01 0000 01 -00OW62
06 01 01 00-00001006 02 01 00 010.00001164
07 01 02 00 060000000 0300O01 01 -00001996
06 01 03 OD00.00000037 hbi
09 02 00 000.000000pitc
10 02 01 00 GL0380072 0.9M7229330100,
11 02 02 00.0000M00 3
12 02 03 000.0381003 01 00 00 01-0072409
Wam 02 01 00 01000000701

ysw 03 00 01 01 -0000382
a.99450957443165 hIE
9 rof
01 00 00 OD00.00000000 OL9487538421I
02 00 01 00000O590"0 3
M 00 02 00.00005009 01 00 0001.00052169
04 01 000-000376 02 01 0001.0000432
05 01 01 000 .00006041 03 010 01 01 0,00DOD226
06 01 02 00 0.00000241 ux
07020OD00 0 00379 3W
06 02 01 00 .00000559 OL96483.418189834
09 0300 00 0.00000044 3

01 00 00 01 0.0006538
02 01 00 01.000021"9

Aircraft Control Derivatives 03 00 01 010.00001092
lie
lift
0.999110890296

in 3
lft 01 00 00 01 -00080409

0.997104930523 02 01 00 010.00000181
3 03 OD 03 01 -0000934
01 00 00D 010O.003647 1
02 01 00 01 -.000"m Z73
03 W0 01 01 0600016M3 (1995382646696n3
am

drsg01 00 00 01 GLOOM23
0.9923474273174 02 01 00 010.0001W56
3 03 00 01 010.0000117
01 0000 01 01000044k9 go
02 01 00 010.0001040 sd
03 00 01 01 0.0000147 G,99Z6SS409786
in3

side01 00 00 010.000338
0.191217869309U9 02 01 00 01-.00004212
3 03 00 01 01.0000M87
01 00 00 010,00005379 g
02 01 00 010.00002327iu
03 00 01 01-.000019M 0.99928094340029

pitcb 01 00 00 01-.00017172
0.99M3233446253 02 01 00 01 -000a201
3 03 00 01 010.000014
01 0000 01 -.0020M us
02 01 00 01 -000006" ra
03 00 01 01-.00014414 0.9493056630271

a 3
01 00 00 01 ..00006718

0.94671.33142610 02 01 00 010.0000160
3 03 00 010100000630
01 0000 mof iz OMe~mg
0201rl00 01 -0000134 Y
03 00 01 01-0000591 6909~6441
In 3
Yaw 010GoGO9 ll1.00051
OL9906723616157 02 01 00 0106OWKM1
3 43 00 0101000001053
01 00 00 010060119"6 to
02 01 00 01.000354 lf
03 00 01 0100000 019901049=10523
bt 3
li 01 0000 01 OLOO06747
0,9997MIL31302 02 01 00 01-.0000727
3 03 00 01 01-.00014236
01 0000 010.0LO524917 r
020100D 01 -.0000194 d-
03 00 01 010.000702 0.99234742 75174
Wit 3

drug 01 00 00 010.000M04459
a" 676t02m5 02 01 00 010,0001040
3 03 00 01 01.00002147
01 000000 1 24 tOOO
02 01 00 010.01T ad.M
03 00 01 01 06001CM 0.912173603989
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3 3 001 01-.O 2S

01 00 00 1 .0000379 rie
02 01 00 01 00023V patd
03 00 01 01..0 )00 O99947325104706

rdl 3
pitch o10 00 Of.000"296
099732533446253 02 01 O0 01-.00001594
3 0 00 01 01-,000073!
0100 0 01 -. 00 90 rig
O2 01 00 of-.06ro
03 00 01 01 0.00014414 0.92814744695374

rl 3
rou 0100 00 00012546
0.94671363142610 02 01 00 01--.OOL
3 03 00 01 01-.000011
01 00 00 01-.00124200 re
02 01 00 01000001534 yaw
03 00 01 Ol-.0000591 0.9W46121072914
rla 3
yaw 0100 00 010001700
t990672361681"7 02 01 00 01-.O0003

3 03 00 01 01000 0IIOB
01 00 00 01-.00011910 rud
02 000 01.00002654 ft
03 00 01 01 0000969 0.99903585 10353
rtt 3
ii" 01 00 00 01-.00003361
099670231153 02 01 00 01000000047
3 03 0 01010.00000177
01 00 00 01000624917 rud
02 01 00 01 .000,0194 drl
03 00 01 01-.009M1 0,9792138

rbt 3
drig 01 00 00 01 0002224

,98700540428M 00 01 00 01-.000533
3 030 01 01 .000079
01 00 00 010.00023247 rud
00 01 00 010.00014775 We
03 00 01 01-.000167 0996435063831380

rbt 3
side01 O00 00 010 00334111
0.9937290863258 02 01 00 01 0.000440
3 03 00 0010 0000006
01 00 00 01 010062 Mid
02 01 00 01 -.00001164 WAt
03 00 01 01 ..00001996 0997153677314"7
rbt 3
piuh 01 00 00 01 00000413
09970293000 02 01 00 01- 00019
3 03 00 01 010.00014
01 00 00 01.0071240* rid
02 01 00 01 0000701 ml
03 00 01 01 000009062 OL9642313963460
rbt 3
mou 01 00 00 01000O63160
%947 03654211 02 01 00 01-.000041
3 03 0o 01000t00
01 00 00 01-.00652168 mw
02 01 00 01 -.00000432 ym
03 00 01 010,0000 2 09946411176521

rd 3
Y 01 00 00 01-.024M
0.984341818934 02 01 00 01-00004M
3 03 00 01 01-.0000"/
01 00 0 01-.0005M
02 01 00 0100002m
03 00 01 01000001036

rig
wt
0.9994C37477474
3
01 00 00 01.003612
02 01 00 01 0.003$,3$
a3 00 01 010.0L006617
rm

0.9990 7949 65
3
01 30 00 010006 m
00 01 00 01-.000094
03 00 01 01000002065
rig
owde
O99129740137611
3
ol 00 00 ol..1ml
02 01 00 0106000075N
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APPENDIX D
DEVELOPMENT OF EQUATIONS FOR TRIM SURVEYS

In the quest to gain insight into the nature of the stabilit-y characteristics of an impair-d

aircraft it is necessary to derive the equations which will describe a state of equilibrium for the aircraft

in flight. The derivation of these equilibrium, or trim, equations will follow the more detailed discus-

sion found in [6:203-2331. In this chapter the nonlinear equilibrium equations for an aircraft in rec-

tilinear flight will be derived. A functional relationship for describing the aircraft pitch ;nvle in terms

of angle of attack, roll angle and side-slip angle is also derived for use in Chapter IV of the thesis.

Derivation of Equilibrium Equations

The following assumptions are stated at the beginning of the derivation of the aircraft equa-

tions of motion and will be re-referenced at appropriate points in the derivation.

1. The aircraft is assumed to be a rigid airframe.

2. The earth is assumed to be an inertial frame of reference.

3. The aircraft mass and mass distribution are assumed to be constant.

4. The X-Z plane of the aircraft is assumed to be a plane of inertial symmetry.

Four orthogo: • ght handed coordinate systems are defimed so that the location, orie-ta-

tion, and motion of the aircraft may be conveniently described. The aerodynamic forces and moments

will also be referenced in these axis systems.
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Earth Fixed: The earth fixed frame is rigidly attached to the earth and is oriented so that the

Z axis is collinear with the gravitational acceleration vector. In light of assumption number 2 this frame

is considered to be an inertial coordinate system.

Body- The Body frame is one of three body fixed frames which are defimed such that their

origins are rigidly attached to the center of gravity of the aircraft. The Body frame is oriented so that

the X axis proceeds positively out the nose of the aircraft. The Y axis is defined to be positive out the

right wing of the aircraft and the Z axis is located normal to X-Y plane.

Stability: The Stability axis system is also a body axis system which is rigidly attached to the

aircraft center of gravity. The Stability axis system is defined by rotating the Body axis system about the

Body Y axis until the stability x axis, Xs, is collinear with the projection of the velocity vector on the X-

Z plane of symmetry. The Stability axes are denoted with capital letters subscripted with a small s. A

pictorial representation of the Body and Stability axis systems is shown in Figure 32

IC

F igue3 oyadSaiiyAi ytm

,88

~Figure 32 Body and Stability Axis Systems
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Wind: The last body axis system defined is the Wind axis system. It is defined by rotating the

Stability axis system about the Zs axis until the x axis, Xw, is collinear with the free stream velocity vec-

tor V. The Wind axis are denoted with capital letters subscripted with a small w.

Given a rigid body, Assumption 1, its position and orientation in space can be completely

described with six coordinates. For this reason, aircraft are often referred to as six degree of freedom

systems. For aircraft motion studies it is usually most desirable to work with a reference frame which is

rigidly attached to the aircraft. The Body axis system is therefore selected as the coordinate frame in

which the derivation of the aircraft equations of motion will be accomplished. The aircraft rectilinear

velocity vector V and angular velocity vector 5 zre defined in ihe Body axis system as:

v=U + Vj + Vk (D.1)

0 = P i + Q + (D.2)

With these quantities defined the linear and angular momentum vectors of the aircraft are

defined as:

= mV (D-3)

= 0I (D.4)

is the inertia dyad and for most aircraft it is a symmetric matrix of the following form:

FIZ -I -1
3= j (D.5)

-87Y z
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The definition of the individual elements of this matrix may be found in [6:209-215]. Assump-

tion 3 implies that the mass in the linear momentum equation and the inertia dyad will not vary with

time and may therefore be regarded as constants.

Application of Newton's Second Law to the aircraft indicates that the time rate of change of

linear momentum is proportional to the sum of the externally applied forces.

F dl- (D.6)
e-vt dt

In an analogous fashion, the inertial time rate of change of the angular momentum is propor-

tional to the sum of the applied moments about the center of mass.

dH (D.7)

-x dt

Note that Newton's Laws must be applied in an inertial reference frame. The aircraft Body

axis system in general will be rotating and accelerating relative to the earth and therefore does not

qualify as an inertial frame of reference. For this reason, it is necessary to form the stated time deriva-

tives in an equation which relates the aircraft frame of reference to one which is inertial. As stated in

Assumption 2 the earth will be considered to be an inertial frame. The time rate of change of the linear

momentum in the Body axis system is then [6:2111:

dt (D.8)

__ r. (QV+-RVViQ+ (RU(D.9)

dt + ;J + wk + (QV-RV)i + (RU - (PV-QU) (D.9)
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And equating equation (D.9) to the sum of the externally applied forces yields:

e X-t  !9 (u+QW-RW)i + (v+RU-PV)j + (w+PV-QU)k

The time rate of change of the angular momentum in the Body axis system is given as

dt H+o X

d(I • )
- + zi* I(D.12)

dt

The expression for the dot product of the inertia dyad can be expanded to give:

(P1 I=- QI - RI )i

+ (-PI + QI - RIy) JZ (D.13)

+ (-PI - QI + RI zz)k

Applying Assumption 4 implies that Iyz = 0 and that Ia = 0. Making these simplifying substitutions,

taking the time derivative and substituting back into equation (D.12) yields:

d = (P - RI )i + QI J + (-PI + RI )k (D.14)
dt -, XX y7 xZ zz

+ X o I 3 - RIxz)i + QI J + (PI z + RIzz)
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When the cross product is performed, the equation may be split into three separate scalar equations;

one equation for each of the coordinate directions.

dltxt- PI - RI - Q PI + QR (I - )(D.15)
dt xx xz xz zz yy

=QI + P2I + RPQI I R2 - I (D. 16)
dt YYr Xz XX z z Xz

dRz _ RI - PI + PQ(I - I ) + QR I (D.17)
dt zz xz yy xx xz

Equations (D.6) and (D.7) may now be expressed in their component form to issue the six aircraft

equations of motion in the aircraft Body axis.

Fx (U QV-RV) (D.18)

E - (V + RU- PV) (D.19)

F. (V + PV -QU) (D.20)

X = P1 - RI - QPI + QR (I - I )
X xx xz xi z y (D.21)

EN =2Q 2 2

+PI + RP (I - I )- RI(
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M = RI - PI + PQ (I - I ) + QRI (D.23)z zz xz y y ~ xz

The forces and moments which are applied to the aircraft and are represented on the left hand

side of the above equations will be developed by the aerodynamic characteristics of the aircraft and the

thrust of the engine. Also included in the force equations will be the force exerted on the aircraft by

gravity.Since the gravitational vector is defined in the Earth Fixed reference frame it is necessary to

define a method by which the gravitational vector may be expressed in the Body frame. A transforma-

tion matrix may be defined in terms of the three Euler angles; q), 0, and 0,. V is defined as the aircraft

heading angle, 0 the pitch angle and 0 the roU angle. The transformation matrix between the Earth

frame and the Body frame, called [BV1, is rather cumbersome but since it will be needed at a later

point in the derivation it is defined now.

CosW cose sini cose - sine

[BV] cosw sine sinO sinW sine sinO case sin (D.24)
- sinw coso + cosW cosO

cosw sine cosO sinw sine cosO case cos
L + sinw sini - cosW sino
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Transforming the gravity vector into the Body axis system by premultiplying by [BV] provides

the gravity f. rce to be applied in each of the aircraft force equations:

Mg (-nzine i + cuse sino j + cos coE4 k) (D.25)

Since the investigations conducted in this thesis will be concerned with the aircraft in an equi-

librium state, the equations of motion are further simplified by setting all of the acceleration terms to

zero. The resulting equations are the equations which describe an aircraft in a state of equilibrium or

trim.

13

F A + FT -mg sinO= (QV - RV) (D.26)
I 4

FA F + mg cose sir - DU-.P2)
T (D.27)iy

A + FT + mg co_& cosO = (PV - QU) (D.28)

N = QR (I - I ) - QPI (D.29)A xz Yy xZ

= + PR (I - I - R2 I (D.30)

xNA = PQ (I - I ) + QRI (D.31)Z y xx xz
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The A subscripts indicate an aerodynamic force or moment. AT represents a force com-

ponent generated by the aircraft engine. It is assumed from this point forward that the thrust vector of

the engine is aligned with the Body X axis and that therefore the Z and Y components due to thrust are

zero.

Several steady state flight conditions can be described with these equations, [10,37-391. For

rectilinear flight all of the angular rates are zero. In steady turning flight the heading angle changes at a

constant rate. The third steady condition is that of a steady, symmetrical pull-up which is characterized

by:

V=P=R=0

and the wings level or 40 equal to zero. The studies conducted in this thesis are concerned with rec-

tilinear flight and so equations (D.26) - (D.31) may be further simplified into the form in which they are

applied in Chapter IV.

FAX + FT mg sin = 0 (D32)

F -- Mg cose cos = 0 (D.33)

FA + m cose cos =o (D.34)

Mx 0 (D.35)
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I

I
=0 (D.37)

I
Derivation of Flight Path / Pitch Angle Relationship

Because of the form chosen to model the aerodynamic forces and moments, equations (D.32)-

(D.34) contain not only trigonometric functions but are also nonlinear in a and fi. For this reason

these equations may not be solved with conventional linear analysis techniques and will require some

other method cf solution. This technique will be developed in chapter IV. The technique will require,

at one point, a functional description of the aircraft pitch angle which holds the aircraft flight path

angle at zero. This function will now be derived

The flight path angle, y, will be defined as the angle, in a vertical plane, that the aircraft

velocity vector forms with the local horizontal. For many flight analyses where small angles are as-

sumed the relationship between the flight path angle and the pitch angle may be expressed as

3' = e - C (D.38)

In general however this relationship does not hold since the aircraft is allowed to take on sig-

nificant values of roll angle. For this reason it is necessary to derive an expression for the pitch angle in

I tet ms of a, P, and 0 for y equal to zero. To begin the derivation, two sets of Euler angles are defined.

The first set

3W 19 (D.39)

I
locate the aircraft Body axis with respect to the inertial Earth fixed frame. The second set
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' u =0 (D.40)

e =0 (D.41)

Ow = Ow (D.42)

are used to specify the Wind axis relative to the Earth frame. Equation (D.40) indicates that a

specified heading has been selected and equation (D. 41) represents the flight path angle equal to zero

condition. An arbitrary rotation of the aircraft about its velocity vector is indicated by equation (D.42).

Equation (D.24) represented the transformation matrix between the Earth fixed frame and

the Body fixed frame. Since this matrix is an orthonormal matrix, [2,116] the following relationships

apply:

IL 1  
- [L T (D.43)

IVB3 E BVJT (D.44)

cose coso sinO sine cosW cose sixe cosw
- cao Binw + sinO sin

=VB] cose sinw sino sine sinW coso sine minw
+ coso cos , - sino cosW (D.45)

-sine Gino coee coso case
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Recognizing that the wind axis system is also a body fixed system and substituting the defined

Euler angles to the Wind axis into equation (D.45) yields

0 KOS wi~ -SL j (D.46)

A transformation matrix may then be obtained from the Wind axis to the Body axis system in

terms of the defined set of six Euler angles. This matrix is obtained by postmultiplying equation (D.24)

by equation (D.46).

E BVJ = [ BVJ * E VY)(D4

(D.48)

Cose cosw Coso wCOS& sinw -sino Cosa Sinw

- Bine coso U -sine COstO

sino~ sine cosip cos4 w sino sine -sino (sino sine

I BW)= COSO SiUWj SiU + COSO COERV) S w+ COSgO cos~v)+ sino w in + coso sino Cose

ccso sine cosw coso, (coso' sine -sino, (coso sine
+ sixio sinyt sinwi - sino~ coswv) sin)" - sino

+ sino Cs coe cosw) + cos4W
L wCOSOt Cos&
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The transformation matrix between the Wind and Body axis systems may also be expressed in

terms of a and# as:

Coa cos( -Cosai sint3 -sia

(BVJ stn(3 cost3 0 (D.49)

sina COSO3 -siic sint3 Cosa

Equating equation (D.48) with equation (D.49) provides the equations needed to obtain the

desired expression for 0. Setting the first column of each matrix equal to one another yields the three

equations
cose cosw =Cosag co*3(D50

cos4O Bizn9 coaw + Sinto sinWv = GinCii COSO (D.51)

slnpO cosW~ sine? - coso si = simo (D.52)

Equation (D.51) is divided by sin(O) and equation (D.52) by cos(O) to produce

cosO sina cos(3
- sine9 cosw + sinw (D53

sino(D.n3)

simt Siaf3
- sine cosW siny/ (D.54)
CosoIco4
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Adding equations (D.53) and (D.54) gives:

COSO sine cosV sino sin6 cosWp sina coso sinf?
+ + (.5

sino coso sinS6 Coso DS

sine coW o 2 + sin 2 sinci cosJ3 +sin3
siocs> sino cosO sino Coso D.6

sine cosy~j sinct coso~ -it (D.57)

sino coso Bino COSO

sine cosyi = sine cW. O cOs + sin(? Sino (D.58)

Equation (D.50) provides the relationship that

Cosa COUO (D,59)

which can then be substituted into equation (D.58) to provide

sine
- Cosa cos3 = sinct cao* Cosao + sin(? Sino (D.60)
core
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The desired pitch angle, to hold the flight path angle equal to zero, in terms of a, jand ~pis then

-1 T Tant3
t9 Tan { an caso +OB -cos (D.61)
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APPENDIX E AERODYNAMIC COEFFICIENTS

Normalized Control Derivatives
Roll LFL q = 300 Rolf RFL q 300

-6.00 -3.00 0.00 .3.00 600 -6.00 -3.00 0.00 3.00 6.00
200240( 2400 24.00

2CO21.01 21 00 21.00

1 8.00 18.0 18.00 18.00

15.00 S'50 5015 00

12 00 1 201 12.00 12.00

9.09.00 9 00 9.00

6 00 6.00 6.00 6.00

3.00 3.00 3.00 3.00

0 00 0.00 0.00 I0.00
-6.00 -3.00 0.00 3.00 6.00 -6.00 -3.00 0.00 3.00 6.00

pRoll RA 300
Roll LHT q = 300 -6.00 -3.00 0.00 3.00 6.00

-6.00 -3.00 0.00 3.00 6.00 24.00 24

24.00 1TI24. OC

21.00 21
21.00 2 1.OC

18.00 1

18.00 1 8.0c

15.00 15

15.00 15.0

12.00 1
12.00 1 2.OC

9.009.
9.00 : 90 a

6.00 .
6.00 0.35 6.00 - 03

3,00 0 .333.003.
3000 0.3 ~ .3.3 3.00

0.0 -0.00 .0.3000o -8.00 -. 00 0.00 .3,00 6.00
6.00 3.00 000 3.00 6.00

Figure 33 Normalized Roll Derivatives
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Roll LLEF q =300 Roll RLEF q =300D

-6,00 -3.00 0.00 300 600o
-6.00 -3.00 0.00 3.00 6.00 24.00 1 T24,00

240 -24.00

20021.00 7421.00
21 0021.00

18.00 18.00 18.00 70 18.00

15.001.0 15.00

15.00 

712.00 12.00

12.00120A

9.00 ~~~9.00 -000290

6.00 0026 00

6.00 6.00 .

00000.0

3.00 0.00 -6.00 -3.00 0.0 0 3.0 600

-6.00 -3.00 0.00 3.00 6.00

Roll Rudder q =300

-6.00 -3.00 0.00 3.00 6.00
24.00 24.00

21.00 21.00

-0.24 -0.24

1800 -0.16 -0.16180

15.00 -0.08 - -0.08 15.00

12.00 ____0.00_________ 20

.00 91.00

6.00 6 .00
-0.24 0.24

3.00 3.00
0.24 0.24

0.00 0.00

-6.00 -3.00 0.00 3.00 6.00

p
Figure 34 N4ormalized Roll Derivatives
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NQRFL (q=300) Nornmal LFL q (DO
-6.00 -3.00 0.00 3.00 6 CIO -6.00 -3.00 0.00 3 00 6 00

24.00 24.00 24.00 T24.00

21.00 21.00 210021>

i8.oO~1-0 2,~1.0 8 1 aco

180 0 180 ,1 ;)

1500 15.00 '5o J /'00

90 k .00 9200 9 200

3903.09 300 9 00

0.00 I "II .0 0 0

600 T 400 64.00 2.00

~00 .00 1.00 /1300
.00 -30 01.00 L 00

-. 00 0.01.0.00 -8.00 - I 18.000000 0

Normal.0 LH q-300 No5a.RT000
-.00 -3o 0.00o ~o-.0-.0 00 .0 60

4.00 -2.00 124.00 124.00

a a
C:

8.00 1.00 '8.00 1800

I 1 0.0 .0
0.00 0.00 i . 0 0 - . 0 0 0 00. 0

20 0 -2.00 12.00 3.0 12.00
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NOrrmrc _LE q=30-- N0 rn aI RLY =KO
-8.00 -3.00 0.00 3 00 6500 -6.00 -. 3.00 0.00 3 00 6 DO

24 00 24.00 24.00 24.00

21.00 21-0 2-0 21.00

10018.00 18.00 8 .00

1.0 / 15.00 15.00 15.00

12.00 Q> C. 12-0 0a 12.00 12.00

900 C)9.00 9.00 9 00

6.006.00 6.00 60

.30 300 3.00
CD C (:D300

000 1i II 1 ., 0.00 0 0000-6.00 -3.00 0 00 .300 6.00 -6.00 -3.00 0,00 3.00 6.0000

Normnal Rud q=300
-6.00 -3.00 0.00 3.00 6.00

24.00 - 24.00

21.00 21.00
a

18.00 18.00

150 C) c 15.00

12.00 / x12.00
9.00 90

8.00 6.00

3.00 3.00

0.00 0.00
-600 -3.00 0.00 30C 6.00

Figure 36 Normalized Control Derivatives
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Pitch LFL q = 300 Pitch RFL q = 300
-6.00 -3.00 0.00 3.00 6.00 -6,00 -3.00 0.00 3.00 6 00

24 00 1 111 ,I124.00 24.00 1 1 T24.00

2100 0 ~21.00 21 00210

00 1 00

60016.00 15.00 6C=()o

1 00 150
isoo _ iso~ isoo I

1200 12.00 a 12.00 2 / 100

90 9 00 9.00 6 00

600 C) n 600 600 I 600

300 3.00 3.00 C) 6 6 6 300

00 00 1 0.00 0.00 10.00
-6.00 -3.00 0.00 3.00 6.00 -6.00 -3.00 0.00 3.00 6.00

10 0

Pitch LHT q =300 Pitch RH T q=300O

-4006.00 -3.00 0.00 300 60 00 -6.00 -3.00 000 3.00 6,00

24.00 24.00 24,00 1 T 24.00

21 00 (0 0 ~ - 2 1.00 21.00 21 006i CD C6
I I I

18.00 1,0 18.00'.0
180 180 1 1 D C TIi80

1500 6C 6150
1 15.00 15.00150

I20 a0 0 0

'20 2.00 1200 12.00

9.00 I I I900 9,00 9 I 00

Cn IY -4 0 *

G00 6.00 6.00 600

I

3.00 3.00 3.00 300

0.00 0.00 010 0
-&00 -3.00 0.00 3.00 6.00 6.00 -30 0.0 .0 6 000

Figure 37 Normalized Pitch Derivatives
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Rith L EF q Pitci LEP= -: 30
Pic LRp 30-6.00 -300o 0c0 30 co 8c- o

-. 0 -3.00 0.00 3.00 5 00 24.002
24-00 24.00 \20

21 00 -
21.00 21.00 _ -\ . ~0

'8.0.00

aco 15.00\

120 12 00 Z,.f-
12.00 ~ 50

a 0.

12.00 1200 '200 .~ 2

6300 3c6.00 6.00

0 ,l

0.00 D, o 3 0 0 050 3 0 0 3 0 80

0.00 0.00 0.00 3 co 80

Pitch Ruddjer Q 300
-65.00 -300 0.00 .3.00 6.00

24.00 24.00

21.00 21. 00

15.00 18'.00

a 15.00 15.00

12.00 0,12.00

900 39.00

6.00 .. 00

w3.00 3 00

0 00 . -i- 0.00
-00 -300 000 3 00 60

Figure 38 Normalized Pitch Derivatives
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ae .. L-q-2
600 -3.00 0 00 300o 60 -600D -3 00

240 a'~ 2400D 2400O

210021.00 21 00

18,00 18.00 1800 -- 60

500O 15.00 15.00 . 5

1 200 12.,00 1 200

9 00 q00 9.00

6 00 6.00 6 00 1560

3 00 300 3.0030

000 000 0.0000
-6.00 -3.00 000 3 00 600 -600 -300 000 GO 00 600o

Sicde RHT q=3003
Side LHT 9=300 -600 -3.00 000o 3 00 6 00

-400600 -3.00 000 3 00 6.00 2400 24,.0)

2I00 24.00

21 00 21022 0

1.00 8~2 00

1800 1.00

18.00 A '8000

18 00 18. 00 a

9000

-- 15.00 '- '5.0
1500 2 500

'20030 - 320 CO,,~'2

90 300~90

000 0 '00D(

6.0~z100 0 -30 op 0 600

6 00 -30 0 0 00

Fiur 39Nral00SeDriaie

1000



-6,00 -3.00 0.00 30'?) 6 0 -Oz7CO0 -I0C )0
2400 4~ -D~ r4- 240 'DO

F0
71 00 2 21.00 21 00K

1.9A

1800 9 '800 '6.00

1~Q7 I- N - 600 6500 ~

3 00 3 a0 30

~000 c00

3000

-600 -300 000 300 600 -600 -3.00 1 0 3 :c 67)

Side Rudder q =300

-600 -3.00 000 3 00 500C
24 00. . . . . . 24D

210onc.9 2' 00

15- 0.9 - D

o0 94
94- 9

a 120 co -:7)7

9 00 0

-1j

3.00 CC30

0.00 00
-600 -3.00 000 300 600C

Figure 40 Normalized Side Derivatives

107



-Ya LL -00 -2 00 000o 30 co
-600 -3.00 000 3 00 600o 24 00

24.00 - I I T I I 1 24.00

21U0 21.00 210

1 8 ,01 8 0 0

8 00

!5.00 15.00 150

a

12001200 12007

6.00

9.00 9000

3 00 300

000 000
0 00 0.00 -600 -3.00 0,00 300o 600-6,00 -3.00 0.00 300 6,00

p
Ya w LHT q=300 Yaw RHT q=300

-6.00 -3.00 0.00 3.00 6 00 -6 00o -3.00 0 00 3,00 6 00
24.00 24 .00 24.00 T-4 24.00

521 00 21.00 21 00 21.00

18.00 18.00 15.00 16.00

1500 15.00 1500 15.00

a

120 12.00 12.00120

59.00 9.00 9.00 900

6.00 6.00 6 00 6005.0 (3 i 300 3.00 30

0.00 01 0.00 0 00
-6.00 -. 0 0.00 300 600 -6.00 -3.00 000 3,00 600

Figure 41 Normalized Yaw Derivatives
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Yaw LLEF q=:300 YOW PLEI- c=300)

- 600 -3.00 0.00 300 600 -600 -3.00 000 300 c'
2400 24.00 24 00 -24 C0

21.00 21.00 21 00 .y~2 1 CD

18.00'80 100'0

120012.00 12.00 sO '200D

95.00 1.00 95.0090

62.00 120 12000 l

3.00 00 00 3.00 3 00

0.00 000 0.00 63

-6.00 -3,00 0.00 3.00 6.00 -6.00 -3.00 0.00 3.00 6.00

Yaw Rudder q=300
-4On6.00 -3.00 0.00 3.00 6.00

24 IOI 24.00

21.00 21.00

'8.00 18.00

-- 0.97
a 15.00 15.00

12.00 12.00

9.00 9.00

-0.97 -0.97

6,00 6.00

-0.97 -0.9 7

3.00 3.00
-0.96 - 0.96

0.00 0.00
-6.00 -3.00 0.00 3.00 6.00

Figure 42 Normalized Yaw Derivatives
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Coutours of Aerodynamic Coefficients
lor Of Co'-st CL ~")C~or fC-s L(f
...- 6.00 -3.00 0,00 3 00 6 00 2000 -6 00 -35.00 00 3.00 6 0 00

3..5 
15

'0.65 '0652

p' 0

237575.5 
.P 013 5

-6.000-6.0
,0 .00 -30 .0 .0 50 0 -. 00 -50 100

-6.00 -50 . 0 .0 6 . 0

'6.8 *6.6 '.66 '6.66

~575~6o 5.5 5.07550

'0.05 -300 000 .30 60

0.06 . -.0 0.00 3.0 6.0asoo0 30 00 .0 6 000

.5 0 *FP .5 0 .015

-. 34 .3 .3.30

.25 1 25 .5.2

-. 6.00 -. 00 0.0 .0 6.0 -60
0 0 00.00 -3.00 000 3.00 6.00

Figre 3 Lngiudial oeficint

Cortojr of Co~g C (e p)Co~tojr o Cr-,t1M c0



Contours of Aerodynamic Coefficients (continued)
Con-tou.rs of Cor-st Cs" (e-.P) Corltourg o:f Co-'gt C"- (Cf)

2-;6.00 -3.00 0.00 3.00.00 002 .. 600 -3.00 0100 300 0 2.00

337

I '0.63'0.63 
'06a'6

.. 36 3646

1.25 25' 25 1.25 I

-1.6 as 
- 1 ,

-5.060 0 -5.0060-.0 0.0 .0 60
-6.00.0 -000 0000 3.0 ..000

CorntoLurg of Corngt CI (Cf)Conitou~rs of Con-st CI (exp) 
-3c00 0-0 30-6.0 3.0 000 3.0 6002..060 3.0 .0 00 60020020..600 .0000 3.0 -00.00 

20.00
'6.66 

'6.66 c*

13.75 /13.75I !(I
'0.63 

0670

IS0 7 50'

4.363 
-3'.0 2

'.as 
252

-60.00 -3.0 00 .0 6.00 -62.00 -3.00 0.00 3.00 6.0076p0

Con'tou.rs (zf Co'nst CN (Oxp) Con~tours of Con-st CN (cf)-600 -3.00 0100 3.00 6.0 -06.00 -3 00 0.00 3.00 6,0020.00 , 20.00 200 20.00

'6.6 '6.6 166 1 6.66

'3.15 ~ 375 .6 13 7S
,0.03 

'00 0.63

a
760 1 I 7.50

p10 -600 -3 0 0 .0 60

Figure 44 Lateral Coefficients



APPENDIXF

The three codes used to perform the investigations of equilibrium regions are contained in this

appendix Autrirna.for represents Case A, Autrimb.for represents Case B and Autrimc.for represents

Case C. A flow chart is presented in Chapter IV which provides a schematic description of the opera-

tions of the codes.

Auuimbifor C be" a on WO o DW The F1alb wowh a,~ SO bpe et m
cThis prvva us the two flapirou a&W the meo boruonWe taai

c c videperdenhly to acew a trim soluion

C TRIMMbFOR C Thecona~ smxfAcm the dftedawram numbered M
C ................................. C fONML
c 17 OaS9 SMZ C L Pont Plopmv
C C Z Starbowd PWPWM~

impkiit real'S (abo-z) C 3. PotHorzcnaTa
C C 4. SutiboaNd Hoimbeui Ted

C C
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panomte (rflmisss.Utmflm20tt..-ZSbtmax2$) ...........** .. .... 0......
paramewe (rtmin-25jtmax-25) Wnta(6M)I AI7FRJM
parameer(rI c -2.5reemaz25pi3.14159M .... ........ ........*

per,=ta (oft 4ms- 4) ie(0)1
C write(6,9) 'P ew the spe& ridder ded ws degp'

C md(S.-) fad

rea*: ---- -- nWNd dV=§Wf~t wkot(1'-) 'Paesebemm a lphausn o in depc
,.W-a ;;bt.nZh;dMA.(4).mg4. read(.*) alPO

ru1Ssd(6M(Ie2d6(6 write6,) lWm sowe the urnipha in &eW
.miC5 8 readS1) lP_
rear$S d(b20Ocp(coefn2kat(206) 40
reWS (Xia l20.6 l(b21)d)2OLcodf(2L6) winte(6,1) ?Woo MW te inda for alpha
real'S isrl(X6)be(26).dW2(j6)d0 6) edS*in

wmie(ok*) PWsm om the wi bota in dep'
read* Le6(6a()~4.a()d 4 read3.1) beW

C write4l) 11metrte a ohp

rel' qraphamuuAewmjhxaM wrlte(6,) -Tinee m~ whe im for ela:'pd

C 12MifsOMM

thmte3 bmnan*dels wims(,) The marendy inetd up ortsiueit

OMesa 0* wrlte(d) IPde I aho u

wrlk(V)' l lh:.ap

C w 1h papm of tbis propam is to s for mim soluuom for *vla(,-) Min bowa'. bmi
C the P-14 Om ssndw feds, and the ag demon atbice m4*6a4 )' MaabW', bst
c thie mate. is lathed -flo a 'ardwse Mumwe Coelson for the CC COMPUtine ot wodnt form. am be ippbse a dta Me. I
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wite(6,*) Enter a fileiam for Pi, oatoun' ct - COe(thtr)
rCsd(S5000) pbat talp -*~ir
apea(lLfik-hiC-Aa-ta -'ew Cbet C an(betr)

c c
cc Calculate the ama forces in the body z andx earnm eewrvWe6,4) 'ETer a flkmma. for Dreg wco owm C

read(.OO) drug f-z - aatpita(-1*(cfz(2).dfle(2).drle()))
opeo(ISAle-drag~ataaa-'ew') x +

C (f- - cWpha(.l(cf(2)d2)cfrW )))

c fay - (oz(3) + cOWe3) + drls(3) + dnad(3))
wai*6) Enter a Bimw far Mean adem cuawuw' c
read(5.S00) detail c Calculate fititmate of Pba Crom aide farce eq
open(9.flle-dehil.6tataat- Ce'

C tgw - fay(-rp'ah)
c 1 (fg'.$..) then

wyite(60) ETw a filenam far control audiouity contour. gOXo 600
read(S,5000) auth else if (fgv.k..LO) then
open(Sflleutattim-neve) goto 600

c elme
wriCOMpbilr - -Wr(Cj)

write(6.*) Dpen-g Mle',trim ec
c c

cInitialize the men mad ma ccaipanso vectotu c
C 50 cpbta- -e(ptIr)

min(l) - tIlmin ctht - oa(thtrl)
min(2) - rfluie atht - ain(thtrl)
min(3) - Ibtim Ctu - PaSft- fax
min(4) - rbttaio pbl- pbith(8p)

c c
ma~1) - la= C Convutts heletnd aide of te low wa-eu nethknow
mag2) - 11~ c Corme and momenat dea.
max3) - bemee c
max(4) - b c Tbe b vectar contmas the tallownng Carm & an moets by row

c c
c initialims the nm 6 . c L NomaI
c c 2.kc
c c 3 o

rai ((alpmm-4lmin)tin") + I c 4. YawF
rb -((btmm.& mrn)tad) +1 IC
1-0 b(S) - .IrpWChA. -f

t-0 do 7001 - W

C 7 1 =1+3
call &~Inp*u-maqher) b(n) : I(cf(m) + cOm ) + d e(m) + nad*m))
write( ) hebe ofthe d)mmc pressure W, qber 7W veathia

c C
c C Amble the A wis to be medin the linear pto*le.c Cag an the pcoainl reica equtions far the farom e This maita osipoed of te enm dul~utw of the

camd momenta. c mtuhbwlb e odet a trim sokwaon.
c c

Call ffme(W&idK.-Oehno(v) I dirmlaml
cogl W~ktGbl~oe~ k.g) call fIwqbApbm c oenV
call xrww he~d~ftda"fi) x a d
call &AWW- incoeftdeivQf ca bnW bAboa ik~b~t-eefrh

call ca Wzml qbwbaJb ebg~fjdImbAf
cog~~~ I ~~c

call etwok)c

c a(I.1) - .Sc(2M'lpbe .1d1(S)*mlph
C &2) (U)

beoa - btmi &(L3) - .Sdk(2)oh -?cMWS)*aW-b
do 20J- 11eb4)s(3

alpims - la"c
do MO k- Ij* C
cal do 80S1 - 1.

It al)1+3
L4& . Coaf noM-1) 0~4) - (ME)

a~n2) - cfl*m)
Walmoimd s (o.3) - cO(m)

a t~ii~ui~tud)a(u.4) - drbt(s)

alp - slpbm*(pi(Sq C
beow - bsw(PnSqI c Solee the lment webeich has been am UP

o Spe* the PWN Pat moo equal tor cal ndalabde inem a)
c w0t impi at M mtimae of theta is aiplas

thar - aip C Sums up aid Cora. due to vae elele
aalpbm * mXalpr)
-W-i C eeOWp) (my - (dgl() + ce(3) + dtM +) odW(3))
bet - eln(betr) Cay - Cap. (lS) * OM
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ray, - (as' + (delta(2) * drf(3)) C re()
fay -fay + (delta(3) dIbt(3)) C WRITE (6,) Tvalue othe PitcAngle i:',hets
fay - Ny+ (deka(4) dtt3)) C write (6-) .

cC wirite(6V) 'A solution coe at tbis poine'
c Sum up Normal forec due to control defleniots c mflte(6.1)
c C fie6*

tant -aalpb**(PI(c*2) +dle(2).dd(W2))) C Vflt'(4.) tFL'.ddta(1)
x + ndpbs*(PI(dg)+dl()+frLe( ))) c ie6)

C C wrie(V) 'RPLdlu()
&(LI) -P.lm(Wm*9ipha.0()i2 C wrte(i.) 1
a(l.2) - .lcfrl(Z)*alpbs .loffl()ciph Q wnite(6.1) LH17.deltw(3)
a(1.3) .- Idlht(2)*&&lpl .*Cnt(l)Caipba C wnit(4) 1
a(1,4) - -ldrbt(2)aalpha -Vcfrbt(1)clpbM C write6.*) PfTr.delta4)

C Ti6.)1

fa - fan + (delsa{1) & (U)) C write(6.-)I
fan tant+ (delta(2) a(.2)) c
fan -fact+ (delta3) a(3)) C
&a - &V + (deIca4)a(L4)) deln - (delwa() + delta2))2

C C

C Adjuat Pitch angle for the new roll angle C
C celt - ahl(2)+a(Z)+aid2)+otfl(2)+de(2)+

thtadj .tap(NIfgw)+(tetcapba)(-Iaygw) x dll(2) +crx2)+cdh2)
it (thtadj.ML L) them C

Ino wC Compute b olution area aC otbi pea.
ele it (thtadpt.-L0) than C,

Votows t - t+1
elme ulwn -tfrdii
tktr2-ain(ttadj)C

endifc Calculate rahaig pitch and roe authority
ctht - oe~thtr2) -1VbrcC~ ~ ~ fdt.wbwb

C Mduat Roll moo* for new theta and control detletoma C
C Writs output to die for plotting in Grapher or Stafer

(pa - fayl(.'Prihe)
it(fpw.LL) then uaite(1Z60NU) beeaalpM^Al-kw

goto 600 wite(11.600) bet&Alphaphi2.ru
eke if (fpJL. LO) than wte(ri 40O0M betxAlphadk

eke 6 Wrt(OOMO b- daple~tlmut
plu auin~pufp) Cd

andif goto
325

Soo oonle
Off - mqrt((pbilr -plukr)*2) c
crr2 - sqrt((tharl - thar2)**2) C

c weita(641) 1w aror Wa.ar C
C 315 continue
c Determiti ne u pi aq&l isthab c mite(El)
C .AM0 radiuhl of firt aPpeomaOnO ....................

it (LSL21) then c urite) * NO SOUtiONATTfl4S OUC1
Noew 325 c wRnp.(k)

eke £f(wrLg.00Sl) then........... ... a......
pbilr -pbk ....
awl, - ther2 Ngea

elae d(arrlg..0O1) then 325 cooaw
poill - pbar
ttr' - thbtr2
a-%+ I C arit~o)

eadif....

C C wita(t)' SMOnON WILLN(Y ONVERGE AT THIS
e Deaes iths compad woudn viobwe eo..uet o PoIN
c ceofu A~i de"anismaheNdwsl e e tod tec WRflE4')
t 5proptht ML .. ... . .......... .......

6*4I1-14 C
if(dsltDA(1-~i) -M della(04w-M~1) then C

__" C
a yoes 325

4w condom 60 conome
C c uwte() ......... ........ .......

430 Coniinu C urkoit,) IStu*d aw ORconditin vibet
pwe - piek(IU C WrWtmVY 'Selctn al- Sw am'
thet - thtr?(laft c wriwlt() .l...f.l... f.fl... n*...

c 325 alphe-alpb inth
C c
c wr'*)" c Roekellm
c mrite()-nvaamoralphae ',alh 0
C; wriwv)Thwaa ofbtw '.beow
c a~Ti.() he rudde iononat'V ,rd 2.0
c 0,641(61) 11C
C WaRT (0 'Te vau of the Roll &3* i.,pWh 3M0 condoam
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C delta 4
beta - bets + jndb ad .7

C C
20 OWOtLr C

C old - Tom'
C ex- 'dal'
C do 100i-1.6
100 WfltiMu name - owrid(i)Iga

do* (12) red(14, 10000) contcal

cloee(10) med(11.100110) focal
dJO*e9) C wme(*) (Oe

C dwe(O road(4,*) rue
C C wre(1) no6

tieC . Tgwdata aeardisucomet' C cad1.)n

wife(6V) 'The total sokitma area is',slnam
C do 15 j-. 60
C rcmd(I4*.ead-2Swr-35) (s(kl),kL-5)

10000 Farina fS. ) z) - @(~)

60M0 Pormat(f9S,3(XJ.W))15 onW
sto5 do*.14)

C ~doss(14)
c DYNPR C wits(V) 'Pinsbsd in Prag

. ..................................... 10000 Poeine(z.a10C2m00 Formac4tk&7))

C gad
CTIM PiAPOs of this prmp is to detemine dy'uma m e C

C ... . .......... ..... .................

imtepr bat del coo*~ no&
C integer n&aaisdrcIys

C w qnp..mrl'e) reulS s(s), tuy.~wd)3c q -.Srho(vuI2) chsrar 10 tO omasmoi
wr,*e,*) ?Wong eata a valu for' darmfler 11 smas
rewl(5,) q charset. 6 6oM
retiu cbaudm 4 i
end cbmsawN I d)

datau d...4,,'

UR-

C chSoetWa

-us irs'to 
dwow ' 0 idasd( a 

e e taad(14d na3 behat -1 ri44,f-5.-S (Ikl.kClS
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ialle(j~i) =s(ialpha) subroutine rmnid(w~in~bdudofu.nfrud)
blji)-s(ibeta) C
idl~~)-s(idella) intege alp. bet. did. comb. nofn

coef(ie) , OSCO~d intellor liftdrsdptrolyaw
nflhei) "S- sia) rew's S). rwAafrusd(6)

15 contim ue- reaIS 6,bW26)idu(06c& (
25 cloue14) chbaracte - 10 forcstconttol
35 wie)Radna chtaracer 11me=

cio*e14) character * 6 old
100 Consitie clanicter * 4-ex
c wit(60) liflsb!in dM5Pi charsoter * I id(6)
10000 Foemai(Ra 10) data d...4..I

return c
end A f- I

C drag - 2
c ........................ side - 3
c ILLS pitch - 4
c ....... ................. roll - 5

Csubroutine lewisfibrleidelecoefrlenfre) c O.6
c c column identzfer,

intene Avp. bet, did comb. nolts
intepw ftdra&,&kdepkcsroLtyxw ifns - I
rva1*S 0(S). enhle(6) alpba - 2
realS WW 6ib(2.6deW06)efe(206) ibeta -3
character * t0 forvisconeroll idia 4
character *It1 name irudd-S3
character *6 Old c
character *4 ex
character 1 W(6) od- Trd
data WI',.3,.S''6'

c do Iooi..6
name - old(i/-

lit- I opeo(14Afli-name~ataoa-'old)
drag -2 remd(14, I000)cntl
side - 3 c -te(6,) -lt
piub -4 reWd(4.10000) torme
rod-S5 c wsiwe6 *) for
YOW - 6 roWd(4.*) mW

c c arite(4) rwF
c olas identifier rvdwk ,) 0062
c C

itCM - I C
alPMa - 2 do is J.1.(A
ibeta - 3 read(IW.mad-33,ue-35)(sb)l-1)
Wae 4 uarudO(i) - o(elph)
ieds - 5 kbnadUi) - @(a-er)

C idrd(Ji) " sXselba)
coeftudW) - Ocsuddl)

old - Twkle nftud(i) - 0-fa)
et- 'w is Contnue

do 100 i. 6 25 doe.(14)
-sm - old/Ad(iy/- 33 uia6)ads:nm

opers(l4~fe-nomexats-'old) dow(14)
reed(I410000) ontrol 100 Continue

c -Ve(4i) coamo c wle(-) 'ehad inFbinst
read(I4M00 j orme 10000 For-vt(2Kx10)

c erite(46i force
re*d(14) rso ma

c wri*e(41)usaw end
read(W) 00ds c

cc *..5.*.5nefl*5..

do IsJ- 1,0 . ........... *... .... .................

lv4.*.Gd-33.aer-3$) (s(kl).k- 1.)
w1.51m) - Ka(b) vusinefe J tif, r
ihdejJ) - 0(6er)
*dleJ4i - sKlde) Inele aip, bet. "d comls, nod
coefele) - Kkwid) Inteofw bgd, piero~a

n&leMi - 8(6-) C-03 AMS) rwqr~wQ6
15 coote"as rer
25 cue(14) character * to e,0,0al

close(14) charcter I "ol
1oo QwnmMe character 4 ca

c cdts(4) ?~olulIn Mw.W deader *I id(d)
1000 Poeuei(gaMO data 1.Y .'V'

rem C
end lift -I

c drag - 2

c . ............... pitch -,4

. . .................... Ye -'
c C
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c coiumn bdanufien c
C C

1km-ido 15 j- L60
iahpba -2 red(l4.*.end-25.ay-3S) (k).L5,)
ibeta - 3 WMA~f~ - s(lipbs)
ideks - 4 ibdlai) - amibem)
Adlc - 5 idiftji) - asideksa)

c coclf(Ji) - 66"fid
c nlIo) - sorcm)

odd - riagr 1S Confinue
e - '.du, 25 do*e(14)

do 1001-.L6 35 *1,te(60 T-eding;'.nmm
mm - old/id(i)/ea doWe(14)

read(14.IO000) conli c wrt,(40) Thed ami
c -te(OV) cOauOl 10000 Poom4alo)

read(14.10000) fotm.
c wridM(-t nvi

rd(14.*) rWi cad

rewA(14-) nofn c

c c FDurr~
do 15 j. 160c.........................

mmAd(1i..end2S.ar-35) (sgkl),kl- LS)c
isdlfti) - (mlphm) -be-uziae ~ bd~c cofrbnrt)
ibcflW) - (ib-t) intgW alp. bat deL. comb, wa
idrflUi) - (ideMt) inww~ ld~m&8d..pmb~roIsw
coe&Bf(jP) - a(k"ld rew*Sa(S), msqr~rarbI(6)
nfrfl(i) - a(itms) e8

15 coocjnus cbfiaaa * 1to camconumd
25 cdoe(14) cbaraewa* 11 num
35 wiabYii~,aacbwawtm 6 old

doaa(14) dIMMriI * 4 an
100 00fanue cba - 1 l(4)
c wr*(4k) Pmba in Fff dau i d?1',456
100om Pornaa(2.210) c

end drg-
C Wie -3

: .............. . ... . ................ pit.b - 4
C FLNLFL roil 5
c ............... yow 4
c c

u"Wra s ap, Kdii comb. noth ifasn-
intW~ ld%.diauida~pid.O"y alpa -2
rewll(s), ranflft6) ibea *3
reaI mW2bMI(j2(6j),fl(2G6(2i6) Wake -4
chaaa 10 fotincooaoi aw~ -5

d cmar 6 old c
obaawa 4 fa oid - fluha
dcharm I 1,(6) ca- '.dat
daftai..7'.''I do 1001- 1.6

c ame- oldid(Tyfe
c apw(I4As-0amwjam.'old)

dra& 2 c wci(V)nno
aide -3 rud(14410000) (am
pitc ~4 c s41fa
mel-S re*14(W) raW

o W rmd() nob
C . mla~ c
c c

-~w I doIS J-1.69
im4 - 2 readK*.Aamd-M5m-3' (a(k1).k1 LS)
ibaga - 3 wetgji) C W~~
idafta -4 ei&UW) - a)
Add - S iiebatml - aGd)

Old -'& 15 coambas
met - 'dat' 2 do*a14)
do too i-1.6 35 al~~Ra'rm

nam - oW1Ad(iy4m d-80(4)
opin(IUAv-inajatain'oli lot coajma
rewd(110000) control c uiit(64) Ybud ima r

c uels(4*)ego 10000 Foet(21alO)
r-*d14.OOS toam

c awms(41) for rig=a

rmdwV) mw c i
r-d(14) no&
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..........................

c FLXLHr c compute leading edge flap deflectbon in degeea
C ......................... C

c if (alphai.-2) then
staubtreuun flalhtjblhtidlbtocoeflbtntlbt) Be.2
integer alp. bet. del. comb. o~ rig -=
inteser tU~r&Sch p~m l~yw eWai (aipbLge.2) then
rca18 s(S) meqrnllh(6) le - 25
reWg bt2b6)idWMbt(20 ,6)coeflbt(246) rle - 25
charact * 10 loreecontrol Ce
charactr1 * n AMe lie - L3164slpba +L7
character 6 old rie -lBe
character *4 ex ewd
chd * I id(b)

c c
c xgi) - alpha

lift -I x(2) - beta
drag -2 X(3) - ki
aide -3
pitch 4 c
roll . c rmaluste preilltor equations to obtain coeficients
yaw .6 c

c do 1001- LG
c Colmm identfier cle(i)- AD
c do 200i w Lo~ki)

ifae- I tun - DOXWWWM AIJ)
ialpha - 2 dle(i) - dle(l) + coalle)iftm
ibeta - 3 200 continue
idelta -4 10 oontinue

ilhtd Sc
C c
c C

old- Tailt' x(3) - tie
ent - %.dat' do 300i.L6
do 100 i-L6 cxl) - A

rowe - old/td(iy/14 do 40j - Label)
opui(4lename~atatue'cid) rume-Ole~t.dij
read(14,100"0 cocrl k(i) w aie(I + eaefzlie)"fln

C , ita(*) ontrl 400 oontimpse
nsd(I4.10000) tore 300 continue

c eite(4*) for e
reed(14.1) raW c Calcol aes ae.nd wmemn and rent..

c wk()M
re* 14) noth cOli) - dl()*qbumln

c de(Z) - dh(2)*qbat~ng
c CJe(3) - e3)qbmabag

do I5j-L60 cflle4) -dW(4)*ObInwingbd
read(14..uw%-2S.ew-35) (a(kI).k1-1.S) dOe(S) -dk($)*qhu'%in~aea

wabej) - @( ) olhl6) -deB)Iqbwwarupe
ibltUji) - si(ibata) C
idlhtjj) - 11(idelta) c
coeotW) - o(ihtd) c&*.() - arh()"qbu~winS
nflbaOm - ii(ifau) citie(2) - aie2)*qbu~wft

1S continue Cfrl(3) - dle(3)qbeuin
25 doee(14) chie(4) - aWe4)qhinlngW
35 eat(6)Rme nm *eS) - Cdo(S~qbirin"Sp

doee(14) dde(6) - ate()q1%aw "e
z00 continu C
C awite(-) 'Faialaved in Fafte C
100010 Poruae(7aO) teat

cod
reur. C

C e C.............

C ZER

C C

C ...........

C c Thbe puepoom of i wbptugin iii to alilate the yalta. of
multroteina ~ c the form wail meo Roejlu- at the delta equals am.cniin

x c these yaks.. m Oweed in te iA bend b ai

C c
I ah pwpon of i peun im to deie h Lading Upg inga M~rs ("Awbc)

c Flpsefqlaime LEF claedat Frew thine sennp the reapeciareg 1 ~~)e ~ )n faB
t ote. and msatw we cWAlnlae for onesw the left band Wie oft raf apb&b-Xa s((6 ()

e the basa equestima paa (pr - 1900 eg -27.20 boxai-6.)
I ,atf (qm -2RAbak d-JLftW7uing-300vtui-47S)

impkk r-0 (0-k-o') C1117111 0
reel 1 8 amle,~hftooe4aw~b(3) C
rues WWXOAWe(0Ba(Wcoe We(2B c eitlithe iwetirfor .aiwtidall n

raeslgMe6).bftie(6ie(B).dsi () X6 a() lh

peia ( p - 19M0 eS -27.21 bWAd-617) %(2) - ham
laauas(op aklamrd1&37sgi01 tdS 4.) A(3) - OL
COMM a 0C
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cevaluate predbctor equations to obtain coeflaertu paramete ( ga, i 9 cg -.2720 btuad.63.7)
C Parameter (Spwe -290.tord=197,ng30 t".S 75)

do 100 .1,L6 real*8 - (6brf(6. M6',oorf1(33 )
Ct(i) - 0.0 resl*8 alhbA)cf()cf( ()cll6
do 20j - Lenfrx(i) reaiS difl(6)
func - O(Am.AzMithi) C
a-0) - a(i) + coft(j),unc C

200 WONeiu doc 100,-L6
100 cootimme rfl(i) - oodefl*api + ooetrfl(3.i)*beea

CaUlculate forces and moomn and return. 100 continue
C C
c write(1V) te value of be drag codeis. ct(2) C

cfz(1) - e()qbr*4g c
cfz(2) - ot(2)*qbmwva ctrfl(1) - rfil1)*qbu~wmg
cfz(3) - ct(3)*qber%-g cfrfl(Z) - a6d(2jqbme..,g
cfz(4) - ot(4)lqbu%* ecbord dfrf(3) - auI(3)*qbuling
cfz(S) - -(5)"qbuwu*ae cfrtl(4) - crO4)qbwsncbord
CUM(6 - z(6)qbarwigepan dcf(5) - cr(5)qwwmspw

ZOO Forinat(h2fl&7,) cfrfl(6) - *al6)qbwiepa
return C
end c

c return
ci

C ............... ........... C
C FAILE c
C ...................... * . o .. c

subrouin td~qberAlphabeanjwdinididn4coednAd c FRZI'AIL
I nfru~kc&Acrw C ...... . .....................

C c
c The purpose of taw MW=va 4 to determine the form and modment subrouin W-qwV ba~bb.fo.

cvalues fee the taied control eialace tor uwe in the left band I wetktftcrbt)
c V maum The rudder a oximntly prooranimed C
c c

implicit few*$ (a-b.c.:) impkkd Man (&4L"c-)
parme- ( p - 1900 cg -27.20% Nail -617) parmee ( p - 190 cg -Z720k btal-63.7)
par-ee (ap- -29.0.cbad-106937,wng.30(kvtail-5475) parametr (ape .20~thm'd- 119 7,mnog.30vtai.5)
real*$ WrdAV%~6dp M)odj( reafl iwwwwwxoeftmic20 w)
rel's rbte3,rd()rd()nti(),u
cxernaf rees dl(4)

cC
c mtitilm vow oro evialuating poly'ncmmil C
c c

](I) -alpha do 100 1. .6
Z(2) - beta rbti) - ao@Mittt4.)alph + eoefrbt3i)*bet
x(3) - rod a + coeatb(Iu)

100 contimme
c c

cevaluate peuthetor equetom to obtai coefidenta
C C

do 1001-16 dttt(1) - cit(I)Iqbee-w
crtid(i) - 00 drbt(2 - aWr()qboing
do 2001 - Lonldi) drbc43) - otbe3)lqber*-"
tunic - Oj-zhes4Wd~rudj) drbt(4) - W)bu cod
orud(i) - audaki) + ritw~ilfa dtx(S) - -WaS)Iqbewingwa

200 continue drti(6) - cebtqbwinWepa

C c
cCalamm form ad -oms and rucim at

fd(1I) , aWd()*qbar~bg c
cfnad(Z) " msd(2)*qbern c
cfrud() " a%*d3)lqberh- c
cfnad4) " crW4)*wingd-d , ..... .... ...

cfrud(S) - crud(SOqhulngapsi C P
ran c

and MrsrS d fla.O(AE jdifn)
c hUnffc rrs (6-k-o~)
C mwRealm
c red*& ).(Oaa.e.ne6

PLAPER if G~I 00 uata(6) - ER tidee fieta for -
... alplam - x(I)

c ba *plzbM ~ fa)h

c he purpose of tha prois is to aimmadeetearno P*l(Wj)AXdto)
Cderhatm fore rit1t and lef fiperon pve a vallm return

c: for saheba end
c c
c C
C , * 5 *...... . . ..........

cc POLY
j*cg r (ahoa .... .*. . ............ . ..o.
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C C

real8s tu o PoIY(nfnrs) rub- (irtoag -pmag)/pmxmag

Implicit reaJS (.-ho-u) ruh-(ug mg/ma

c return
cThis function returns values of the family of polyncotait end

c c

c nfnc posthe powr rise x EM c
C C ...........................

if(nfnceq.) then c SVD SOLVE
polyLO0

else
if(xeq.OO) then include rndsoweior

poty-.O Autrimestor
else

poly-e'nfnc c............................
end if c AUMhMA.FOR

end if C................ ... 0...... .
return c Z7 Sep89 SMZ
end c

C impkiit rowls (a-boc-x)

c AUTrHOR c
, 0 .. 0-.. .... 0....0.0.............. ... parasar (ps - 19MO cg -Z7.2A brsil -63.7)
c parameter (apso -

9
.dxwtl3

7
sa ing-3vta.575)

subroutine author(dhllfrdelfcbtcrbtdeta. parameteor (im-A arSje..lts.2)
1 pauchrauth) parametw( Rtm.2Irls.hmn.2.baz.S

c Pamete (eiSrbtmzS~bn-2 xdamin--3Ordmz3)
cparametior (rt a.2.mu .25,pi-14159M7

impliit real*$ (&-baco&) parameteir Wa - 4.mas - 4)
C c
c The purpose of this prigram is to calculate s a peretEase c
c the pttch and voil contrail authority rewsing after the A/C real'S s4)kl d4b(4.zu,(6)

cbas been trimmed to aestw equilibrium. reslS razm.rinawrd~ervrlbt.rhi
crah$ aWph&.bstea~rW.rmin(3).mm(3)
crealsIi(4(Gd(4ae4~~on

parameter (pso - 1900 eg -7.208,~ btaal-617) raTSM s 6.teie 2
parameter (spa -29.i6chordoa 37 ,wng3OO.vtal54.75) reW*8 iae(6)Jbk6drWAitiefi20)

pretr(flmax-28bumsz-25) reafl io*06A ~ dtX 0eu(06
raS mi14)dm~4) d1(4).d(4),dekx(41) real's

re1 -0 me(4dr(iA4db44finrbt(6),dca(6
pmc - rais W" )Wl6W ~ cW 6
rmg -0 rucW$ ()t()apphthI
p ag - 0 rean 6J&6kac) fd(46)~ fft

dl(l) - dll4)0deta(I) res ay bavuxhh~er,
dt(Z) - dfi4)*dsla(2) c
dl(3) - dhe(4)*deks(3) c
dl(4) - cd*h4)de4) cthvara trip-itdagdlsl~t

C c
c c

dZ(1) - clf(5)Odel) eaili 0
dZ(2) - cll(S)*dek&(2) emisi poly
d2(3) - dWbS)dekaQ3)
d2(4) - dtblt(S)'dit(4)

c c MwTh purpose of tiop - i to seareb for trim solutions for
dlmaxl(l) - c(4)mm c the F- 14 #ma a tuddrv fbge and the onsli of defogetiona at -i
dmwl2) - che4) c No F ,ae bt locked iio a 'bordoeue fabiur. Coeofcieou for the
dA-1(3) - cC4)b c compaioin of aa dy I tee, om moe be suppliesd asdata III.
dm-l(4) - drbht(4)*b c ulaid a m abi ko subrotaines in this propu. Ibis program mm

cc a .snd se am*Inioa of str~at M& and dme linsarpo, o
c h olds. TIe S&i p"anl 0~ it RI ate~d am~ W., Wo.Nih

dmZ(Z) - cW)aG- c v"

dmaia(3) - ct(r-
dnm32(4) - dabeS) c The trim rouw uses the (a&-", cwl schesme, to sarch for tr,

c c The let edg &p an be -oe-eIeI but we koked to rmitic
ccdeploymo. f seo I u an %AW to U~oai as erorm

do IUI-.L4 e and the ho tod it diftos!t so th am boeb as an
P6- P-4 (dl())-2 c 5In5wsa ad a s a lum.

rMg - tuag + (d2(Q))2 c
pama - ptisig (dmWQ))**2 c
tinag - ramo (dma2(i))**2 c This 'awlo ua is Me dft a tt we numbered a

too coatmwe c foli
c~~ c .L Asft UpFIN"

C 2 lMom
P6- gapjPMNO c 3. Horlmtl TAB Alsto

tug - aqrt(rmg c 4. Horitain TINA UEINAII
P - sqpldjin c

rgg- qeeeag)e s of doe peogem wile k the spead indorimdoo to dais
cc a.uM a mm be eadusad t mbrSUTRFERr RAPHER
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wrtt(6..) ............ ll....... [ dyripain(-habve)
wrne(6) I AIRIMAFOR' -~LC(6,) 'Tbe vaue of the *ynmm. preuur a. qbar
Writ(6) ........................... C

wne(1* -C Camlin the Po"Causi predacto equatoon rM the o
wrice(6) -c and mobets
wite(6,*) 'P'ee enter the apoofied rudder de0i in dega:'
read(S) rud CAll rlMrIM~j2J~e~o(na)

wice(6,1) ?laee eniter the min Alpha to dew. cal U~e~k ~ia r
read(S.1) &lpmuin call tIUIbd(aflld. dl4*udfldljdh)

wntc(61*) , Icadl (fixl(dufdfLoofrfL%)
anite(6,1) 'Pkosecnter the max alpha an dep.: call fbt(wbeha .rbetorht~nb1t)
read(5.a) alpmax call ruln(WfjbV.L~oelfnM)
aaIitCOM -) call fixdhI(iflb9ablWPhtoedknlc)
wtt(6, ) 'Pleatse enter the index for alpha: -tte(A) T'Anuhed resanS OMe'

write(61) Please eanter the min beta in dep:a beta - b~i
read(S,*)betmn do2Dj-U

-T~teV), *alpha - alpmn
write(6.) 'Pleae enter the max beta in dep. do 300 It Lrul
read(S.-) betmax
write(V) I call zer(qb*a"bca~jiAet~no(ra~ch
awjte(6w*) Peas enter the index for beta: A I a)
read(S.,) indb cm fuledgber.albamtarudmudiabru4dnd ooefru
arite(V.) X nfnuddruc~cnjd)
wite(1)" C CIAl thaoelethtftkLtz.z..abphA)
iate(.) ' The cugrerntl selected ranges for trim iveacigation C

x are as folotmt' C
writeV) "aipir - atpbs,(painw)

writt(6a*) 'Failed aurface Ruddee betr m - *pIO
WitO( I)I C
mrite(41)' man alplIa:, alpfflto C Initial etuaa for theA 0 alph
.rit(6t )* Max alpha:', alpmax

wmte(4a)' Migibca.'. bemoso alphs - asi(ar)
erite(GO) - Max beW, betnax Calphe - cov(Slpr)

C b~~tets - s~or
C cihe - eo~a-)

Wiite(liMTX) Eea fienam for trim sokitbore:' tal I tan(alpr)
read(,00 Ulm that - maabmr)

C C Calcubts the aem focAs. the W4d a and A am resperaae*
C C

ars(6,) 'EntWra Glmam for PW OMKwUrt' fas - salphal( 1P(2) + alpb*(.lcfz(1))
rad(,Q0) pblcoa lax - ape(lc()
open(ILfllplaoarsatzi- 'new) lAy - (Cf(3)+C6d(3))

C C

C C ~Estsm Phi fto sds form iqumam
write(kO) ?Enea A lensae Ur Drag coet coatoura.C
ree(5.50) drugfs - W -vc
oper:(l~Ile~agr;t-tw.='new) -f (fp9.&L0) then

C te it (fp'JLLO) tha
C g~foto6

write(66) 'Enter a filiecoe for Mean edemao coocourac els
read 5.500) eadPWIl - sa(few)

C C

C C

scie(~)'Ese a fl e nan~matory ooow:'50 Cq - CMPI
read(S.SOY Minh ed ch ei(thel)

-' )P1.1 - Plzl(1M"O

C c Con~ruct the leftan mid@ ftlea boes poble seb kown
C C forcesod inosuam

c Idiaise the ad sd - en Ch.~e
C e nae b vaor omm the Colowing force *n mem ntsc by row

min~) - glowC
mWi2) - rsi C L Noma
mmi(3) - btes LPk

C I IR44
MAX I) - Suss C ILYNIF
0a2,9 - r- C
max(3) - ftesb(I) - ' cp ta-fs

C 6001- -1.3
c insalse thisrangs -I

C~ 0-1.1
rulp -((alpmmA lpa~ in s) + I b(n) - -1 * (chm) + ta))
a* -((beemsbeYsd) + 1 700 che

z* 
C

t:: c MAmeal die A se to be LoW is the inn e bm
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c Thus matrx i composed of the control demtives of ibe else If (fgW.IL.LO) then
c controls that ill be used to effect a ito solution. Soo w 

c else

xa .mlcrf)ed(4)'h
ca ryJ(qewapabetJtbiidhte~Tfrbnb.

x dfhtdbt)
cadl rlef(qbsr O&ph.bcta~iuleibc*iece~rwe, c Determine if aw piageawti

I nrkd(71rk&.) c mol radans dorfrs approximation,
call id(qbsr.aipheabeeajakibtle-i-odKefl

*1c i)+totI)alb 523

a(I) -1*cle()+cnr(2)*W h c hrI-t

a(n3) -1*drb()-nth())spahir- ir
a(n4) - -l'tsrt(Z)+c~lt())slbz a+I

do SW - HmaI conro surfac dedeasbon hot an arit shea apas to t
ac,1 W)+ram c h sppm fdile.+dha4

a in.2 he- dee to )concto daenc k--(s()dh(

s(O) - cf(dka(2)*(b3-f()) do ..a I-) ib

ray.4)a c(da()*c(ml3+f() sheLT~-Mo l~l-mxl)ta

c Sap he(w problem - ho(bow soup. Note 400 8on i)

ca .1(cs*%ladM at ))depin thet c aW - tht s(1ss

I - dft - dsha3) + ds()y

c u u w -ludt to~2)* coto alcin K- c(st()-dk

ray - (d93) cfI-) ls(2).Am().abt -()f)+de(2

Ny- ay + (dI) (l1)() Cct3))FoS
tay a + (ds() * mr(3).)) ch Compiga ) bhe seh sx(uw then

fay- f+ (dh(4) (I.4)t() zg3) - t.

* c 450~F _ _ _ __a

a(eLI) .L O1(W)+r)sal. Cbu-tbrlI -U*Cw)cW')ck
2 us1*d)l)*pb c

a()-1(hWZ)-dZIsV dal- (dto) +ad*sZi2u

c c
a(LAI tayl(ddIpaba))*~h

c&pg.0 t-e asM+Mad cd dZ)

rI-hs dm()*010I--b 4W)*NM OPSteslulo e fti as
(ast fast+ (dW3) s122I--f 6t()aI4)t-t



500 continue C
c 5M Format(ai20)

515 continue 2000 Pomat(4(bt107))
c wiita(611) 30000 Forwat(4(f2))

. . . . . .. . . ... .. .. .. .. .. .. .. .. . 40D00 Fortmc(S(t42))
* 50000 Foqmat(4(lzxf124))

c wite(6,-) NO SOLUTION ATTmIS POINT' 6000 Fomt(tS3(b9.5))
c WRflE(.') Stop

C .............................................

C C te(6,
c wnite(6') '13e value of alpha ir %alpha
c wnte(6.*) 'Te value ofbetai& %beta subroutine lW(qbmr.alpb&bealleibdeidlkmoJi

c wtite(6,*) 'The rudder deEkedpon is: rud I nilecdlhdle)
c .mitt(6*) , c

C WRMT (4-~) -ME VALUE OF THE ROLL ANGLE IS;%pbil c The purpos o( that prop~m is to aulate the control
C write (6*) - c derr~vauv for the left lading edge flap Vven velum

C wtit*(6,*) c ror q. alpha. bea,

c witg(6.') - DEFLECTON UIWS EXCEEDED' c
c wInE(4*) c

. . . .p.a.a.. P- ( p - 1900l cg -Z7.-= bti-633)
C write(6,*) !-a..paamater (spe m29A0.cord= 1L937 .ing-300.vtail.54.75)

c *ritt(61*) - ~reals ie(06).ib20X6)coef1Sode(6)
C write(&*) LEF~delta(1) teadil alphabeeaj3.le6,dja(4)nffie(6)
c wnite(61) - c

c wit(il) , do 100 i- L6
c wiwn(4*) HdA~delt(3) cie(i) - oefWl(2i)*alphs + coelfe(3.i)'bet

c wite(6,*) ',delta4) 100 cuams
c wite(6,)' c
c wite(41) c

goto 325 dkl1) - dai(t)*qbr%lng
c 601e(2) - de2)*qbw-~
525 contimn cfWe3) - cds(3)*qbu~wkr4

c dIWe4) - de(4)lqbuinc(dsm
c dW~eS) - cde(SWqbwr%4nge

c wite(4.) ci~s(6) - da(6)qbK vmeap.,

c rii ' SOLUTION WUlL NOT CONVERGE AT THIS and
POiNT' c
e WvflE61) c................. ........

. .. ... .. .. .. .. ... .. ... .. c RLEP
ac ...............................

c C
soto 325 subroutiee e qb be h4 oof

600 eommuage
c witea) ......0............ c The purpo oft ispropih to akulstewoeUr
c write(6,*'Steady amte conition vilateed! c derkivts for the no~ ledig edeps pm amc write(6, Selsoii o alpha value c far C& aSowa bets,
c 110M(.) ' ........... ....
C c
C c
325 alpha -alpha + ind c

c pememer ( p - MIA~ e -27.MI btad-617)300 continue Peflatff (spa -29AwordaOL0937.wing..30Ovtad-S475)

bota - bowe +a&Wg
c c
200 conomus! c

c alsW) - eoh(sapa+ comfie3j)'bes
c z +0s0a6l1i)

100 citadhe 100 oandhu
c C

'sriwe(12) 'Th eft smv ies c mO'
dose( 12 crWe) -a(I)*qbuwf

c dhle() - uue*0qb%*l
choa~1) ctr*s3) -aWW(3)qbu% s

ofrh(4) - crhi4)4qbuhlgdaoe
C1011604) c&We() - r(rb~I~

c -

c C
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c A. . ..IOR ¢ "'" .",, .. .* . •
c ......................0....... clude rfl.or
C c

subotNea sufdwe bscr(dlbtcftdek~aJe4 c.....0.......... ..........
x pauthxmith) c RXRJP-

.. .. .. .. .. .. 
.. . ...

c 

... 

.. 

...... 

. . . . . ..
MIL

C C
impbit reals ("a-o-z) indude WIe.for

C c
c The pupe of tbi progrm is to cain slae as a peccaotg t . . .c ......... 0.0.... e

c Le pitch and roH controU autboity remaiung after the A/C c FIXRUD
bac a been trimmed to acbw equiibrium. C .............. ,.... .. ... L.......

C c

c andude awudor
parameter ( w - 19000 cS -Z7.2% htd.63.7) c ..... ".... ".... ............ .........
parame ter(on .29.1d d- 10P937,wing-300,v.. JS47.) c FIXRPL
paramete (flm-2(btmaz-2SIefmxx - 25) , . . .............. ... 0
reaIl8 dmaxI(4),dma, 4.d(4)d2(4),dedta(4),cflWe6)4cre(6) c
reaj cflfl(6),dfr(6),cibt(6),d(rt(6) odude r,,tfor

c C ..............
c c FDC~fr

rmag * 0 ................. 0 ...............
pmag - 0 Mude flahLror
rm-mag - 0 c
Pm-a - 0 c......0.... ...... .........

cc LEF
CC.eeeeeeeelee~ee~eeeeel~e

dl(1) -(ce (4)+ crle(4))*dets(1) c
dl(Z) - (ctrfl(4)-dW(4)'des(Z) incdude l.tfor
dl(3) - (drb*4)-ibc(4))*delts(3) c
di(4) - (drht4)+dhtb4))*d a(4) . ............................................

c ZERO

d+2() =(cle()+arr(S)) deka(1) c
d2(2) - (cfrfl()-f(S))dit2) incude imnofor
d2(3) - (drtW5S}.dS))d**t(3)
d2(4) - (dr(S)+dlht())*4aa(4) ............. ................................

c c PAILM
c .~~~~~~~~ ........................

dmzl(1) .(d a 4) +c1&4))* Ia c
dmm.1(2) - (drf(4).- (4))'f,,, include ald.for
dml(3) - (cfr4) cla(4))h- c
d-Ma(4) , (dc(4)+dWs4))bm c

c c FIAPMA
dmaa(1) e(S(S).f*S))* If- , ... .... ............................
d .w(2) - (dXS).cW(S))*ft c
dA4 3) , (eft*cS)-dbS))*b-a odde flipror
dma.(4) - (citW)+dt(s)).btma c

c c
c , ....... .*SSS.......n....n.. n. .

do 100 i-L4 c HRZrA L
Pg- pmeg (dl(i))"2 , ....'.......... .....
rmg - rmug . (d2(i))"2 c
pingS . ping + (dmat(i))2 odde brealor
rmn-s - rmn + (dE(i))"2 c

c c P3
p- oqn(pinhg c ...... . ..........
rm- aipnrug c

pmm- aqtpmme mcluds 0.1
tinmos - aqt Q)w c

c c POLY
POA - (ps-g -PNOWypUg c
rauab - (ru%- rugm-g g

Woduds porx
c

retftw c
end €

c c... .~. ...

c c SVP-SOLVE
c

c DYNPW incidi lldAasfor

incade dyhFu~or C

c CD ------C.~
c: .eeee-e-0..ee~ee~eooee e c 17 Oc so sh

mclude Ernie
c Sdin.SS*rooma.SS(NAPS)..
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c arite(6*)' Max alpha:,, alpasax
parameter (gr- 19M eg -27.20& btii-6.) -WVse6)
parameter (span -29Acsord- l0.937.ang-3ftvuil-S47S) wict(V) 'Min beta. beun
parmee (alt - 1000) wnte(6V Max beta:. betsax
parameter (nZln fil nsz2 )c
parameter (rfmfl-rd- btem -.25.b axZ)
parameter(r iD-Z5.btmsx-25iadl - Liodrl - LO) c The ronrial swfaces v2 tbe delta voctor ame numbered -
parameter (d..iaZmza-2p-3141927) c (odnea:
parameer (of a 4,moue a 4) c L. Pont Flapem

c c Z. Starboard Ploperon
c c 3. Port Horzonta Tail

re&l'S &(4.),delta(4).b(4).-er6) c 4. Stuboard Homiontal Tad
raxtS rnmmm&%vAark r(flbtftb c

ralS8 i(2066 b(~ (20,6)co6saf(6) it(6) EOMe arfilenam for trm *.kuiom-'
ralS8 WaWXe6de(W 6)ldlle2*.eflle(2Q6) read(5,SO00) tim
real*S u-WX.dre( ,4rle( 20,erl(6) opea( 12. me- .'new')
real*8 iansd(2a6),ibnad2DL6kdrud(2X6),oorud(2M6) c

real'S iat(4ib drb06)idt(Moorb(6) c write(V,) nters lau. (mmmor Pbi a~sfotjim
real'S h~ll(6)ibl(XI (X eflfl(2Ck6) c rcad(5,GOO) phlom
rel$ilt2,)iit2A)iitX cdh(06 c opess(IL411-plsicoxnaco-'new)
realS nnle(ofrle(6)nfud(4)nHr(O).nlfi(6)d A(6) c
rearS nfrt (6).nfl drke6 d(6)fW drl(6)c
rce*$ dlfldbdlbraip(4plpipr c mfle(6*) Vmte a filename for Drag cod contourE'
teal'S aie6).a()ad(6).fl(),cl(6).btotrcbet c read(5,3000 deg

rea~dl~daW).d(6a().cutt~ccaljc op"(l~~m ,8om.nw
reaI*S (Y-apmiolpmsbetibetmslnrputbrauus3 c
real'S inda.,dbmAs4ph.t.emrdld(2).aibet(40q2) c

c C
c c arita6) 'Enter a filenamme for mew adlau Wontour

charam tr mootrsinptsammdragdedailsauth c rftd(S_%"00 d"~
c c opc(9,lA*.dsjatu.*nc')
c 4

exenal a c
clmwpoyc tlt(d')Etmer affmue (or uola acomy ontoum,'

crowds-5US) at
c open(SJik-masdkiIjn@W)

c TIe purPos of this Prpa 0 to oawds for trio oouzion (or 1
cthe F- 6 om a Waied control aasce aid the roop over ubids c wrto(6) 'Opemng flle'.in

c thh suifa a kd in a 'berdovw ftihxm The fhgM condiumo c
c mid mcraft coasigrnon ove apeoied in paameter Mmania.m c [adombe the mnmd - omp o voctor
c Coddents(or te ompwbtonat aerodynad -aos mst be spplie c
c a daim whic aI cm W ine to miuoem m this propm in(1) - m
c Thhs p~m cis a ad state condida of eight mio(2) - om
c flight and thac No wsperpais bolth AN i -anto -aurfau mlt(3) - ammi
c opmut idepoodin this proV with the W&f voyusl through their mhn(4) - rui

c Wasp level flight is ot enforced in~1
c this versic of TRW and so the roll anle will have a amn zero value =2) -N
c The flight path an* ia specified at zuu Thie vmimo of the propa inaK3) - bm
c wil write the ontpu alpho bets spomAnebr tim asbatian cost to ammK4) -
c data file (or use in other SURFER or ORAflIER c

c c eatlab the rnpem

Wric(6,) ..................... ~ rsc

writ(GI I Irb -((betmm-btm)jhsg) + I
writ@(V) 'Ple m or the WoMilenid dr Ddsilda' rile.( - ,Q~~y sl .1+
rows'.) rod toe - ((Umm -Nminvom I

mrxe(6') 'Flmes enter the es aWoo a dsp:' t-0
teeds'*) - v.

wbta(6.*) 'Wm saw the smotsn in l sW' c
md(5.*) aomi mld *uPtm(*br)

wr*4*) I Iwsbe() 'This vahm of t dnomi peomme i, qbor
mitefib') ~e en w le n e er Sow' c

atitd~ih')"c Call io the P"-ua prdno sdam for the form
Wfi***E~) ~ the mi boa in dep c adMW a

whta6,*) im ~me the lb in &Wds' Am- comhm~b~nb nabm)
r-.adS) betov Cog - - -hejaeeg,

Wrlse(41) ~Pessae the lebe for beag' CI Eibd.nJsaeov d)
reads.*) i& CIA l~f~~hf~aft*l

wriWA*~)' 7be arroy seeced imp:o for Wmh kmuliptia. mleb flsIb.b s a t)

arkts(o*)" c
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IleC -ilemifi c This matru iscoposed o( the control denvauva, o( the
do 20 o L.rle c control, that wll be used to effect a tnm i"~tbOflL
rkt - te c
do 100 1 - LLTa. cal noe~bA m~mt~f~tw~t
beoa - bemin K drdflr)
do 200J a Lrb caog brtq-o bM tat~tottt

alpha - alpWO x ddbeut)
do 300 k- Lrap all f~-qwlb,~a dtDf~9

c z dlftci)
c Assip Iu~ - dim r Flap delcions call bsztaaqbwAlphebabobjlgW dlgalbc.n

dlef(1) - Wa c
dlaf(2) - rlat c

c a(1LI) --lc(2)ulapa .lcdll(t)lafphs
call Ie(qariparkcdhliaibk~dle. a(L2) * atfl2)Islpha .ldzfl(1)*alpba

I beaflhe~fn atd ibidule oefrlmed. s(l.) --loll(ZrIsmkft -IlbcW)caipha
I cde-ddbe) &(LAI) -l*h()aapb& .lcfrte(1)alpbs

C C
call znr(qber.ahbb coeft.nOgD(nC~cfi.Z) do 800 1- U.

c m:,.I+ 3
call (ald~qberjphabariarudibrd~irudcoerud a 0 + I

x ntadchudcrid) -(n.1) -cfW(.)
c a d.)-dfl()

a dl3 ~tm)
c write(Ik*)T1hvaluao(alphaise ',alpha a(M.) -det(m)

c rt(,)be~alueobeam: 'beta am00040mnu
c wnta(6h) Thbe nadde defiection IS: .dc
c Calpr - alpha*(pi180) . Sokv the bw pi'bo ee been set up.

ber - beol(pilU) c
c call eabdb~.0.na~ue

c Sp**~ the Plagi Path ange equal to zerto
c which hupia &Wr Mmaew 0f theta is alpha c

cc Sum up aide forme due to cotrldfcdotu
Ebtr - a4V c
aalphe - ai(alpr) fay- (cb(3) + dce(3) + dle(3) + ctnad(3))

alph - cOe~alp) fay 1 - * (MdI() c 3)
ahets - sio(bair) fay- fa + (deita() * azl3))
chats - cos(bvr) 61 -6fy1 (diita(3) * lt(3))
caK - ow(thu) (" - by (deWa4) *dkWe3))
taip - Len(slpr) c
that - we(batr) c Sum up Normal fom dee to -oto eeoh

c 
C

c Calcuate the eo fom in the body: xend zads mpactA*l (am- " ha-(12)* ( 2)~cale( )))
c a + clh(1~)~~)*e1)

x + &(1.(1c(1+~(1.fle1) a1) - -1~c(2)aka -0I~cflcapa
f-x -Impha(-I(c(Z)+dW2).dtWe())) a(1.2) - .1O2mpa-ldwC( apha

61- (de(3) + cB(3) + atrle(3) + cftud(3)) '(.4- 1bt2)elh .~h()calphg
CC
c ra &t (doh(l) (. ))

if(!p.L L) than Cam f- a+ (deba3) (1.3))
goto 60 fa- fam + (dsea(4) s (1.4))

eem if (f(pJL-LO) thean
lino 60 Adjust Plub an& for the wer rollw

abe
pbalr - m@(pr) td4 -t(-kmp)(itlpha)*(lfy')
endf if(t*t4p.10) th

c P-03
c ase it (thia4 b .LO) tha
50 c* - -c(pbilr) Pan04Go

ct. - **etbttl) WOe
it - uin(thorl) thtr2.in(t4)
ft -Plade fas OO
phl- piUt(18Vi) ot. - odg

c Cowintme i k ie at o the bw pabiewbh wftMaa
c .aasloudo c Adjs R4D an foam these end ocatrol dadow

c C
c The b veom aa an ha 9,aue (am an dininmm by mw ( - lM-pea)

C it p00 I) On

c 3. Rod PandoS
c 4.Yaw eke
c phikf - inhWfp)

b(1) - -1rch-t he 62 40
c erits(6*) b(1) c

do 700 - U. C
a-1+3) aw - owt((ghikr. phia)2)

a 1+1 awl - uqrt((thtrl - tbwc)"2
a~)- -l (de(m) + AG(M) + drIe(u) + deudem)) c Wdtes(04) Its 4Mio I'.Ae

700 condoemC
c C Delsoloswophdiebwl
c Assemae the A .thvi to be used In the lleer ptoblow. c .0001 radim o &%k ap 1doo
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C c

if (LI.21) then c
goso 525

else sf(ffrTV..O00) then 10(0 325

thrl tbWZ 500 (0lntuu

pto 50
ehe f(aT2SL000I) then c

Pbilt - pb~r 515 Coninmue
thtrl - zbcr2 c .yi*461)

endis c waiUK6)' NO SOL1ON AT THISPOiN
c WRrrEI6)

c Dearmma if the o~oputed solution mistes ownstramnts o '. ..
c Controlaw-acdeflection imits and write the data to he .......

c aptvoriawrds pFw32
c c

do400F.14 c
it(dcltz(I).lLc3WnI).or. deltaQl).gpma4I)) then 525 continu

xo500

enxw c wiWe(4i)
400 continue '

cc wina(6-)- SOWLION WILL NOT CONVERGE AT THIS
450 contirnue POII?

phi2 - pliiW(SWpi) c WRITE()

c b . .k2(80.s .

c c

C wNo 325
Check to s Wthis is the first tame thh poW has bow, 6W 0 0060100

c found it so po to am alpba c wte(4 1 ) ....... .........

c c wikse(E1)'Steay stie VA coniia viohrnf
if (c~q.00) NDto 485 c aiw(E) I eanee slpb vwls

do 475 i - . ev
ifae ei1.q alpbs And. Albei.2).eqbern) 325 alpba - alpbs + inds

475 cadec Reotie a
C C

485 OS O a.
ulbst(ov.1) -ap c
albetev,2)- boon 300 coanase

c beoo w bets + mnab
c Coeputs the sahadon ama ofa this pm. C

c 200 gondoule

sdamm - ee(inda-indb) rid - rid + in&4

c WeW )I1100 cnhl
c wriWl,)-1 ~uofaWiphe %alpha c
c wko livlueotbrns %beta Id d + indl
c ayin( s1budderdamie on i.r xWc
C wt6t(*)"1 20 contine
c uw(6) Irbe ild dedebo r 'Aid c
c vtite(o) 1 clae12)
c ~w~,) 'lb. Addeedon is: -'3d C doee(1)
c wrte*1) IIc d84

C WR I1(6, )a skof th aime .'*Wb C doee(g)
4 ayjs(4.)' IIc does(#)
c WRM (6*) 'M e imo the PketAn i'. mar c
c Writ' W).
c vrkse(Gd) A ockmdon a K his poe urkme(m -be dar eemv is easepiga
C WIO ---------) a'rlee) 'lbe WW snhlau r ar ,Ainr,u
c tW( ' ) 1c
c wrirn(6i IJ odat(1) c
0 wflW6)" IO I Poruee~aJ
c eelm(40) I1LAdm(2 1000 Pome~n(.
a Id** . M oWPmg4(bfl&7))
c "Wlm(6) lJfrAeb(3 30000 Peseas(4(F42))
c u~g~i"40M0 Poemsa(W4)
c wehe46*) 3hireir(4) SOON0 Poom4(lt12.4))
c Waiw6M(Es 6000 Pcermlla(lzXI")
0 'tl*d.) ----- ------ P-Isw0
can

c Write CUWpu Ws fe for pltkal in Geapbas or Surfer c

c ....... . .llf~l ** *f*

wriia(12.6000 bernAlphavu~zbine c DYNUS5
c wu*.(1L6000" belAalpapb2.rud c ..... .

4 -IWm14600" bee~apbeoduud c
c urlte(%,0000) berNAlphadeha.nd -mkums dya e"~4
c welW(I6000 b-ajalh.p-&bAhs c
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wbvok~i fln(WA~dnotxna) c........................
c C
c reWIS fimamo O(J.x&Aibidita)

c ............................ .. ...

.C..... ........................... C POLY

C 
C * . * * C

c I
c mreas Nmaia poly(I21DC.)
. .... f.......*l................. c
c PIXRIA c ........................
c ......................... c Sv13 S5OLVE

...........................

subcomm~ G~ze(uebi~o&nfr)
)w K*e sobxnmnpmp)

c

c FMUD

zubmwin ftWwjian4Wiin4wefnnhW~)

c * * * .. ..... ...................

c
swbtoutwo Oir(Irfl~flAIrLcodtflnWzi

c

-bud- fi.mAd.Wnosd)
C
. .................................

cu~ F undrnfrr
c .........................

C:

C

Pr
-- - - - -- - - - -- - - -

9C.

wbn ca g t ~ ib&btco
c
c
C

L ERO
C
c

FARMg dq.hgs-- .. fi

C ZER

C .....flffll~.lff . ...........~fl

.........

x PNAfl~ait
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